Flammable deserts: understanding the impacts of fire on southwestern desert ecosystems of USA by Fuentes Ramirez, Andres Hernan
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2015
Flammable deserts: understanding the impacts of
fire on southwestern desert ecosystems of USA
Andres Hernan Fuentes Ramirez
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Ecology and Evolutionary Biology Commons, and the Natural Resources and
Conservation Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Fuentes Ramirez, Andres Hernan, "Flammable deserts: understanding the impacts of fire on southwestern desert ecosystems of USA"
(2015). Graduate Theses and Dissertations. 14340.
https://lib.dr.iastate.edu/etd/14340
Flammable deserts: Understanding the impacts of fire on 
southwestern desert ecosystems of USA 
 
by 
  
Andres Hernan Fuentes Ramirez 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
Major: Ecology and Evolutionary Biology 
 
 
 
Program of Study Committee: 
Kirk A. Moloney, Major Professor 
Claus Holzapfel 
Brian J. Wilsey 
W. Stanley Harpole 
Petrutza C. Caragea 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2015 
 
Copyright © Andres Hernan Fuentes Ramirez, 2015. All rights reserved.
ii 
 
DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 
This work, this time and this love is dedicated to 
my unfailing sources of life: Claudia, 
Santiago and Amalia. 
 
 
 
 
 
 
 
 
iii 
 
TABLE OF CONTENTS 
   Page 
 
DEDICATION ..........................................................................................................  ii 
LIST OF TABLES ....................................................................................................  v 
LIST OF FIGURES ..................................................................................................  vi 
ACKNOWLEDGMENTS ........................................................................................  x 
GENERAL ABSTRACT………………………………. .........................................  xii 
 
 
CHAPTER 1: GENERAL INTRODUCTION………………………………. .....  1 
  Dissertation Organization………………………………………… 5 
  References…………………………………………………….…... 7 
 
 
CHAPTER 2: ASSESSING THE IMPACT OF FIRE ON THE SPATIAL 
  DISTRIBUTION OF LARREA TRIDENTATA IN THE 
  SONORAN DESERT, USA ..........................................................  12 
 Summary……………………………………………….…………. 12 
 Introduction………………………………………………………. 13 
 Methods…………………………………………………………… 16 
 Results………………………………………………….…………. 24 
 Discussion……………………………………………………….... 26 
 Acknowledgments………………………………………………… 30 
 References……………………………………………………….... 31 
 
 
CHAPTER 3: SPATIO-TEMPORAL IMPACTS OF FIRE ON SOIL NUTRIENT 
AVAILABILITY IN LARREA TRIDENTATA SHRUBLANDS 
  OF THE MOJAVE DESERT, USA. .............................................  44 
 Summary …..…………………………………………………….. 44 
 Introduction………………………………………………………. 45 
 Methods…………………………………………………………… 48 
 Results………………………………………………….…………. 51 
 Discussion……………………………………………………….... 52 
 Acknowledgments………………………………………………… 56 
 References……………………………………………………….... 57 
 
 
 
iv 
 
   Page 
 
CHAPTER 4: ASSESSING FLAMMABILITY OF DESERT PLANT 
  SPECIES AND ITS RELATIONSHIP WITH NOVEL 
  PLANT-FIRE DYNAMICS IN THE SOUTHWESTERN USA ..  68 
 Summary …..…………………………………………………….. 68 
 Introduction………………………………………………………. 69 
 Methods………………………………………………………….. 73 
 Results………………………………………………….………… 82 
 Discussion………………………………………………………... 88 
 Acknowledgments……………………………………………….. 92 
 References………………………………………………………... 93 
 
 
CHAPTER 5: GENERAL CONCLUSIONS………………………………. .......  107 
  Concluding Remarks……………………………………………... 109 
  Future Research……………………………………………….….. 110 
  References………………………………………………………… 113 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
v 
 
LIST OF TABLES 
 
   Page 
CHAPTER 2 
 
Table 1: Parameter b values (decay rate) used in the fire model to examine the 
relationship between the observed number of burned shrubs in the field and the 
model. The b value (0.080, in bold type) met the criterion of yielding a mean 
number of burned shrubs encompassing the actual number of burned shrubs ± 
10% in the field. The standard error (S.E.) indicates the precision of the mean 
estimate for each parameter b value. .........................................................................  37 
 
 
CHAPTER 3 
 
Table 1: Summary of ANOVA analyses of the short (7 months post fire) and long 
(7 years post fire) term effects of fire and microhabitat (Under canopy (UC), Open 
near shrub (ON), and Open far from shrub (OF) 7 months after fire; UC and OF 7 
years after fire) and their interaction on soil N, K, P, Mg, Ca, and S. Significant 
effects (at α<0.05) are shown in bold type. D.F. = degree of 
freedoms………………....……………………………………………………….… 63 
 
 
CHAPTER 4 
 
Table 1: Mean (± SE) values for ignition temperature, released temperature, 
ignition time, and combustion time for dead and living Larrea branches. Different 
letters indicate statistical differences at α<0.05……………………………………. 98 
 
Table 2: Mean (± SE) values for flame spread (FLSP), sustainability (SUST), 
flame height (FLHT), consumability rate (CONS), TEMP1, TEMP2, TEMP5, and 
TEMP10 for each of four plant species. Different letters indicate statistical 
differences at α<0.05………………………………………………………………. 99 
 
 
 
 
 
 
 
vi 
 
LIST OF FIGURES 
 
   Page 
CHAPTER 1 
 
Figure 1: Map of the study area showing the sites we selected in the Mojave 
Desert, CA (circle within the light-shaded area and picture b) and in the Sonoran 
Desert, AZ (triangle within the dark-shaded area and picture c) in the 
southwestern United States. ......................................................................................  11 
 
 
CHAPTER 2 
 
Figure 1: Map of the study area within the Sonoran Desert in Arizona, USA that 
depicts the boundary of the wildfire occurred in 2005. The location of the 
unburned and burned plots is indicated with a circle and triangle, respectively. 
Note that the aerial image in not scaled to the dashed box in the larger map. Image 
taken from Maricopa County Historical Aerial Photography data base, URL 
http://gis.maricopa.gov/Index.html. ..........................................................................  38 
 
Figure 2: Observed spatial pattern of Larrea tridentata within an a) unburned (n = 
713) and b) burned (n = 640) area. In b), closed circles indicate dead shrubs (n = 
495) and open circles indicate living shrubs (n = 145). Spatial summary 
characteristics of shrubs distribution. In the unburned plot (c) g(r), e) G(r), and g) 
H(r)) and within the unburned plot (d, f, h, respectively) the pre-burn spatial 
pattern. For panels c-h the gray-shaded areas represent the 95% confidence 
envelopes. Solid lines are the observed value of the function and dashed lines 
correspond to the theoretical expectation under CSR. ..............................................  39 
 
Figure 3: Observed spatial pattern of a) living and b) dead Larrea shrubs within 
the burned site. c) Pair correlation function g(r) for living shrubs (dotted line), 
dead shrubs (dashed line), and living and dead combined (solid line). G(r) for d) 
living (dotted line) and e) dead (dashed line) shrubs contrasted with living and 
dead shrubs combined together (solid lines). H(r) for f) living shrubs and g) dead 
shrubs (solid lines). For panels c-g the gray-shaded areas represent the 95% 
confidence envelopes created from RL. ....................................................................  40 
 
 
 
 
vii 
 
   Page 
 
Figure 4: Bivariate analyses showing transitions from living to dead shrubs (left 
side) for a) g(r), c) G(r), and e) ρ(r), and from dead to living shrubs (right side), 
for b) g(r), d) G(r), and f) ρ(r) within the burned area. For all panels the gray-
shaded areas represent the 95% confidence envelopes created from RL. .................  41 
                                                                                                                                        
Figure 5: Results from one run of the fire simulation model showing a) the spatial 
pattern created by the fire model using parameter b = 0.08. Closed points indicate 
dead shrubs and open points indicate living shrubs. The star shape indicates the 
shrub that was initially ignited in this model run. Observed PCFs (solid lines) for 
b) living and c) dead shrubs plotted with the 95% confident envelopes (gray-
shaded areas) created from the simulated data (using 2,000 simulation for 
parameter b = 0.08) for each class of shrub (i.e., living and dead). ..........................  42 
 
Figure 6: Fire severity map for the burned plot given the locations of the first 
ignited shrub using parameter b = 0.08. Each shrub was ignited 30 times and the 
average percentage of burned shrubs for that given initially ignited shrub was 
recorded. Colder colors indicate lower potential of fire spread and hotter indicate 
higher fire spread (in percentage of burned shrubs). Note that the observed spatial 
distribution from the field was superimposed over the color-coded map (closed 
circles indicate dead shrubs and open circles indicate living shrubs from the 
observed pattern in the field).....................................................................................  43 
 
 
CHAPTER 3 
 
Figure 1: Map of the study area in the Mojave Desert (gray-shaded area) that 
depicts the locations of the experimentally burned (circle) and wildfire affected 
(triangle) study sites. The wildfire-affected area is detailed in the aerial image 
with the fire boundary noted as a dashed line and the two sampling plots outlined 
by black rectangles. Note that the aerial image in not scaled to the shaded box in 
the US map. ...............................................................................................................  64 
 
Figure 2: Diagram of the soil sampling design in sites sampled (a) 7 months and 
(b) 7 years after fire. UC = under canopy microhabitat, ON = open near shrub 
microhabitat, and OF = open far from shrub microhabitat. Vertical black and gray 
bars represent the cation and anion PRS-probes used for nutrient sampling, 
respectively. ..............................................................................................................  65 
 
viii 
 
   Page 
 
Figure 3: Mean (±SE)  nitrogen (N), potassium (K), phosphorus (P), magnesium 
(Mg), calcium (Ca), and sulfur (S) availability (expressed as µg nutrient/10 
cm2/day-1) in the under canopy (UC), open near shrub (ON), and open far from 
shrub (OF) microhabitats around burned (black triangles) and unburned (white 
triangles)  Larrea shrubs 7 months after fire.  Statistical significant effects of fire 
on nutrient availability within microhabitat are indicated by * for P < 0.05 and 
*** for P < 0.001 .......................................................................................................  66 
 
Figure 4: Mean (±SE)  nitrogen (N), potassium (K), phosphorus (P), magnesium 
(Mg), calcium (Ca), and sulfur (S) availability (expressed as µg nutrient/10 
cm2/day-1) in the under canopy (UC) and open far from shrub (OF) microhabitats 
around burned (black triangles) and unburned (white triangles) Larrea shrubs 7 
years after fire. Significant effects of fire on nutrient availability within 
microhabitat are indicated by * for P < 0.05 and *** for P < 0.001. ........................  67 
 
 
CHAPTER 4 
 
Figure 1: Burning devices used to conduct experiment sets 1 and 2 (a) and 
experiment set 3 (b). The latter was modified from Ganteaume et al. 2011. All 
burn trials were carried out within an enclosed fume hood in the Laboratory of 
Materials in the Department of Physics at Iowa State University ............................  100 
 
Figure 2: Regressions based on diameter of Larrea branches (x-axis) for ignition 
temperature (a), released temperature (b), ignition time (c), and combustion time 
(d) for living (open circles) and dead (closed circles) Larrea branches. Note that 
in (b) and (c) the best fitted models were quadratic, whereas for (a) and (d) the 
best fit were linear models ........................................................................................  101 
 
Figure 3: Regressions based on water content (x-axis) for ignition temperature 
(a), released temperature (b), ignition time (c), and combustion time (d) for 
Larrea branches. Note that in (c) the best fit model was quadratic, whereas for (a), 
(b), and (d) the best fit were linear models. Also note that lighter colors indicate 
lower water content, whereas darker colors are for higher water content ................  102 
 
 
 
 
ix 
 
   Page 
 
Figure 4: Regressions based on dry biomass (i.e., weight of plant litter in x-axis) 
for (a) flame spread (FLSP), (b) sustainability (SUST), (c) flame height (FLHT), 
and (d) consumability (CONS) for Amsinckia (close square), Ambrosia (close 
circle), Bromus (open triangle), and Schismus (open rhombus. Note that in (c) and 
(d) the best fitted models were quadratic, whereas for (a) and (b) the best fit were 
linear models .............................................................................................................  103 
 
Figure 5: Mean (± SE) values for maximum temperature released at 1, 2, 5, and 
10 cm above the litter sample for the 4 study species in experiment set 3 ...............  104 
 
Figure 6: Differential temperature between temperature release by each litter 
plant species (averaged across heights) and the mean temperature at which Larrea 
ignites (a) and difference between mean combustion time for each litter plant 
species and the mean ignition time of Larrea (b) for dead (black bars) and living 
(gray bars) Larrea branches. Dashed lines indicate the broadest 95% confident 
intervals around the mean for each case. Note that values above the zero-line 
indicate hotter and longer fires (a-b) with respect to the mean ignition temperature 
and time needed for Larrea to catch fire, and vice versa for values below the zero-
line……… .................................................................................................................  105 
 
Figure 7: Hypothesized model of a novel fire dynamic in which invasive annual 
grasses provide fuel continuity across inter-shrub areas (“spreader”) to native 
herbaceous fuels beneath shrubs (“ignitors”), which ignite dead  branches at the 
base of the shrub, and in turn ignite the entire shrub (including the living upper 
branches). In our study system spreaders are represented by the exotic invasive 
grasses Bromus sp. and Schismus sp., which are able to efficiently carry fire 
through the landscape. Ignitors correspond to the native annual herb species 
Amsinckia sp. and the native small perennial shrub Ambrosia sp., and the burning 
shrubs are the ancient, fire-sensitive shrub Larrea tridentata.. ................................  106 
 
 
 
 
 
 
 
 
 
x 
 
ACKNOWLEDGMENTS 
 
I am incredible thankful for the support of all the people who guided and helped me to 
make this dissertation possible, to complete this journey successfully. First of all, thank to 
Kirk Moloney, my advisor, who believed in me even before I came to Iowa State. He 
provided everything I needed (time, guidance, support, calm) to finish this work well. Kirk 
and his wife Martha were extremely supportive with Claudia (my wife) and with our children 
during our stay in Iowa. Thank to my awesome committee members, Claus Holzapfel, Brian 
Wilsey, Stan Harpole, and Petrutza Caragea, for their tremendous support and guidance 
through the process of being graduate student; I couldn’t be more fortunate to have had the 
opportunity to meet and work with them. I also thank to Dr. Professor Bert Crawley from the 
Physics Department at Iowa State University for his support in the flammability experiments 
for chapter 4.  
 Thank to my colleagues Erika Mudrak, Shyam Thomas, Sean Satterlee, and Sarah 
Emeterio from the Moloney Lab for their support and friendship throughout my stay at ISU. 
Thank to the Scarlet Knight team, from Rutgers University, NJ: Jennifer Schafer (now at 
William Jewell College, MO), Marjolein Schat, Hadas Parag and Carolyn Haines (now at 
Montclair State University, NJ). Also, thank to several graduate students and postdoctoral 
fellows from the EEOB/EEB program have been supportive and have made my stay at Bessey 
Hall pleasant by creating such a great social environment, including Lori Biederman, Lauren 
Sullivan, Antonio Cordero, Nilsen Lasso, Phil McGuire, Kim Szcodronski, Pete Eyheralde, 
Melissa Telemeco, Amy Worthington, Andrew Kraemer, and so many others.   
xi 
 
 Thank to my good friends Ignacio Trucillo-Silva and Diego Ortiz and their families 
for making look and feel Iowa a bit more like our home country. Special thanks to Joseph 
Cortes and Adelaida Harries, our awesome step-parents while we were away from home. 
Thank to Chris Akers, Wayne Stewart and his family, and Andrew and Joy Bradley for their 
huge support and love in this foreign land. Thank to my colleague and friend Anibal Pauchard 
from the Laboratorio de Invasiones Biologicas at Universidad de Concepcion in Chile for 
encouraging me to keep going and pursue a Ph.D. degree. 
 Most importantly, thank to my loving wife Claudia for her unfailing love and respect; 
for being the biggest source of energy & calm during the struggle; for her endless patience. 
She left everything behind to follow me into this uncertain adventure. But with time, 
everything became smoother, and happiness became bigger with the two precious children 
(Santiago and Amalia) that came to our way to complete our lives and fill us with love and 
joy. Thank to my whole family in Chile that is longing for our soon return home. 
 Finally, none of this work it would be possible without money. I deeply thank to the 
Department of Defense’s Strategic Environmental Research and Development Program 
(SERDP), USA, Project RC-1721 (to Holzapfel & Moloney) for providing the funds to make 
this research possible. Thank to the EEOB Department at Iowa State University and to the 
Finch Fund for funding as well. I also thank to Western Ag Innovations, Inc., Saskatoon, 
Canada for their support in soil samples analyses. Thank to the Chilean Ministry of Education 
and the Becas Chile Scholarship Program from CONICYT for supporting my stay at ISU.  
 
 To all of you guys, a bunch of thanks! 
 A.F.R. 
xii 
 
GENERAL ABSTRACT 
 
Traditionally, fire has been seen as an important modeler of ecological systems, 
especially through the history of fire-adapted systems (e.g., savannas and Mediterranean 
ecosystems). Nevertheless, hot deserts in the southwestern US (the Sonoran and Mojave) are 
thought to be non-fire adapted systems due to the scarce woody plants and insufficient 
vegetation cover to carry fire. Over the last few decades, however, fire have become more 
prevalent within the mentioned deserts because of the recent invasions of exotics grasses that 
now sufficiently provide a continuous plant coverage that is able to spread fire through the 
landscape. To date, however, fire effects on desert ecosystems remain unclear. I this 
dissertation I examined the impact of fire in changing the spatial distribution of creosote bush 
(Larrea tridentata) in burned areas of the Sonoran Desert (Chapter 2). In Chapter 3, I assessed 
the effects of fire on changing the availability of soil nutrients, comparing burned and 
unburned areas of the Mojave Desert. In Chapter 4, I moved forward and investigated 
flammability characteristics of desert plant species, and how these properties were related to 
the spread of fire. Overall, I found that (i) fire changed the spatial pattern of L. tridentata 
shrubs that survived the fire, compared to areas not affected by fire; (ii) over the short term 
(i.e., 6 months after fire) there was an increment of soil nutrients (N and K) within burned 
areas, compared to unburned areas, but over the long-term (i.e., 7 years after fire) N and K 
decreased, especially under the canopy of L. tridentata shrubs; and (iii) native plant species 
exhibited flammability characteristics that confer them properties of “igniters” of thicker 
fuels, whereas exotic invasive species presented flammable properties of “spreaders” of fire. 
In summary, the interplay of the three major ideas described above provided insights about 
xiii 
 
the potential novel plant-fire dynamics in the southwestern US deserts. Given the flammable 
characteristics of “spreaders” and “igniters”, the prevalence of wildfires may be continued 
over time. While fire can kill large sections of L. tridentata shrubs, this phenomenon would 
provide more openness in the landscape to be colonized by exotic invasive species. Over the 
long-term, and as soil nutrients tend to decrease within burned areas, it would be difficult for 
native species, including L. tridentata shrub, to recover after fire. Thus, heterogeneous 
fertility islands once associated with Larrea shrubs may disappear and become replaced by 
more uniform nutrient landscapes, dominated by exotic invasive grasses. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
One of the major challenges in Ecology is to understand how species, communities, 
and ecosystems will respond, and eventually adapt to different disturbance regimes in a 
changing world (Bender et al. 1984; Moretti and Legg 2009; Supp and Ernest 2014; Vitousek 
et al. 1997). This is especially important within those systems that have been historically 
associated with little to no disturbance. Change in fire regimes, for instance, has been 
associated with global change, particularly with climate change (e.g., temperature and 
precipitation patterns; Grissino-Mayer and Swetnam 2000; Littell et al. 2009) and biotic 
change (e.g., the introduction of exotic grass species that later become invasive; Gaertner et 
al. 2014; Pauchard et al. 2008; Vila et al. 2001). Fire-habituated ecosystems (e.g., savannas) 
may benefit from increased fire frequency, maintaining diversity and ecosystem services. Hot 
deserts in the southwestern United States, however, have been recognized to be poorly 
adapted to fire (Brooks et al. 2004). This is in part because of the scarce woody vegetation, 
but also due to the lack of a continuous fuel layer that is able to spread fire and carry it 
through the landscape. 
Although historically limited, ignition sources within southwestern American deserts 
have increased because of human activities in desert areas (e.g., human settlements, 
agriculture and livestock, military training). Furthermore, over the last few decades American 
hot deserts (e.g., Mojave and Sonoran) have been invaded by exotic plant species that now 
cover extensive areas (Brooks 1999; D'Antonio and Vitousek 1992). These two factors have 
contributed to pose an increased risk of fire occurring in these aforementioned deserts, as 
extensive areas are now covered by exotic grasses, such as Bromus sp. and Schismus sp. This 
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interplay becomes especially relevant when a given year has an above-average rainfall 
pattern, likely producing massive primary production that will ultimately result in greater 
amounts of fine fuel (Brooks and Matchett 2006). In this sense, plant litter is a key component 
for the spread of wildfire throughout the landscape (Sunderman and Weisberg 2012). This 
was likely the scenario that occurred in the 2004/2005 wet season, when a fire outbreak took 
place in the Mojave and Sonoran deserts. The previous wet season had about 3.5 times higher 
rain compared to an average year, and by summer large wildfires were triggered, covering 
vast areas at both sites. The study area encompassing this research is presented in Fig. 1, and 
corresponds to lowlands (e.g., bajadas) dominated by the perennial shrub Larrea tridentata 
(DC.) Cov. Annual species are represented by native forbs, such as the winter annual 
Amsinckia sp., which grow closely associated to Larrea shrubs, underneath the canopy, and 
invasive exotic species, such as the grasses Bromus sp. and Schismus sp., that tend to occupy 
the open inter-shrub areas (Abella 2010). These latter have been shown to interact with fires, 
providing a continuous fuel layer to carry fire through the landscape, promoting greater 
wildfire outbreaks (Brooks et al. 2004). 
Fire may have major effects on ecosystems by altering vegetation structure, soil 
properties, and other ecosystem functions (Sugihara et al. 2006; Whelan 1995).These changes 
may differ in their magnitudes depending on the spatio-temporal scales that we focus on. 
Thus, the first direct impact of fire upon the desert community will be the removal of a large 
proportion of L. tridentata shrubs. The potential impact of fire in affecting the spatial 
distribution of perennial shrubs in desert systems has received little attention to date. 
Therefore, research aimed at understanding these impacts would improve the current 
knowledge of L. tridentata shrublands in the southwestern American deserts. This is 
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particularly relevant because of the key role of Larrea in structuring both the annual plant 
community and the soil nutrient availability due to the well-known “fertility island effect” 
(Ravi and D'Odorico 2009; Schlesinger et al. 1996). Several studies have addressed this 
phenomenon, and concluded that soil N and K availability are higher right below the shrub 
canopy, decreasing with distance further away into the open inter-shrub areas (Mudrak et al. 
2014; Schlesinger et al. 1996; Titus et al. 2002). 
This phenomenon poses a complication in developing a clear understanding of the 
impact of fire on soil nutrients. Although in general, soil nutrients tend to increase right after 
fire, this increase usually comes back to pre-fire levels over the course of one year (Abella 
and Engel 2013). Nevertheless, there is still uncertainty regarding the real impact of fire, as 
several studies have shown that soil nutrients can increase, decrease, or remain unchanged 
after fire (Abella and Engel 2013; Allen et al. 2011; Ehrenfeld 2003). Furthermore, 
differences in the effects of fire on soil nutrients may be related to the time after fire at which 
measurements are taken (Augustine et al. 2010; Davies et al. 2008; Debano and Conrad 
1978). Because perennial shrubs are key components in the structure and functioning of desert 
ecosystems (Bolling and Walker 2002; Griffith 2010; Lopez et al. 2009; Mudrak et al. 2014; 
Schafer et al. 2012), shrub removal by fire may have cascading effects on the whole 
community, including the alteration of soil nutrient availability. Currently, little is known 
about the effect of shrub removal caused by fire on nutrient availability and persistence of 
fertility islands over time in southwestern American deserts. Thus research addressing the 
impacts of fire on soil nutrients at different temporal scales after a fire event (i.e., short vs. 
long term effects) will help to improve our understanding about the fire-soil nutrients dynamic 
in these arid environments. 
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Another important aspect of the fire dynamics in desert ecosystems is the role of plant 
flammability in spreading fire through the landscape. Flammability may be defined as the 
ability of a certain fuel (e.g., plant litter) to ignite and sustain ﬁre (Anderson 1970), with 
features related to the temperature, ignition, combustion and duration of fire. In fire-prone 
ecosystems for example, adaptation to fire and flammability characteristics of the species 
have been identified as key factors. Indeed, flammability has been defined as a biological 
characteristic (Pausas and Moreira 2012), involving the adaptation of species to high-fire-
regime environments that help maintain increased fitness, compared to those less fire-
habituated species (Bond and Midgley 1995; Schwilk 2003). As we mentioned earlier, 
American hot deserts have been historically recognized as non-fire adapted systems, and to 
date, little attention has been paid regarding the potential flammability characteristics of 
desert plant species and the potential contribution this may have for fire spread. Thus, 
investigating flammability characteristics of plant litter and the role this plays in spreading 
fire, would potentially lead us to gain a better understanding of fire dynamics in these 
environments. This is of particular interest because these arid systems (i.e., Sonoran and 
Mojave deserts) might be experiencing a novel dynamic in which fire is becoming more 
frequent and severe (Brooks 2012). 
Thus, in this dissertation I used a more-integrated research scope that inluded multiple 
spatio-temporal scales, as well as a combination of observational and experimental 
approaches (Sagarin and Pauchard 2012). Within this  interplay, I explored the impacts of fire 
on the spatial pattern of Larrea tridentata populations, the short vs long-term effects of fire on 
soil nutrients, and the flammability characteristics of desert plant species. Dissentangling 
these three aspects will aide us to gain better understanding of the potential novel plant-fire 
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dynamycs within desert ecosystems, and will provide the basis for developing more accurate 
fire models that will lead us to better predictions at broader spatial scales, and with broader 
ecological scope (Balch et al. 2013; Peters et al. 2004). 
The next section presents in detail the organization of this dissertation, briefly 
describing each of the three research chapters.  
 
Dissertation Organization 
The dissertation presented here addresses questions related to 1) the role of fire in 
potentially changing the spatial pattern of Larrea tridentata populations affected by wildfire  
compared to unburned areas in the Sonoran Desert, 2) the role of fire in affecting the soil 
nutrient availability within burned areas compared to unburned areas in the Mojave Desert at 
two temporal scales (short-term = 7 months, and long-term = 7 years after fire), and 3) the 
assessment of flammability characteristics of desert plant species from the Mojave and 
Sonoran deserts and the application of this information for developing fire models at the shrub 
scale. 
In Chapter 2, I present results from a study conducted in the lowlands of the Sonoran 
Desert near Gila Bend, AZ. By using point pattern analyses (e.g., the pair correlation function 
g(r), the nearest neighbor distribution function G(r), and the spherical contact distribution 
function H(r)), we compared the spatial distribution of Larrea shrubs within an area affected 
by wildfire in 2005 and an adjacent unburned area. Additionally, within the burned area, we 
evaluated the spatial distribution of dead (burned) and living (unburned) shrubs. The spatial 
relationship between dead and living shrubs was also assessed within the burned area. Finally, 
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with the data gathered from the prior analysis, we developed a simple, yet useful fire model 
based on shrub proximity as an example of how fire might burn the shrubs in the field. 
In Chapter 3, I present results regarding the short and long term effects of fire (7 
months and 7 years after fire, respectively) on soil nutrient availability of Larrea shrublands 
in the Mojave Desert, near Barstow, CA. By using plant root simulator probes (PRS-probes, 
Western Ag Innovations, Inc., Saskatoon, Canada) we compared burned and unburned soils 
underneath Larrea canopies and in the open inter-shrubs areas to assess nitrogen (N), 
phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), and sulfur(S) soil pools and 
how they are altered by fire. 
In Chapter 4, I used an experimental approach to investigate flammability 
characteristics of desert plant species. By conducting controlled burns of native species 
(Amsinckia sp. and Ambrosia sp.) and exotic grasses (Bromus sp. and Schismus sp.) we were 
able to determine several flammability features, such as time for ignition, duration of total 
combustion, flame spread, consumability, and maximum released temperature. Additionally, 
we were able to determine the needed temperature to ignite Larrea branches and the 
maximum temperature released. With the information gathered from these experiments we 
proposed a conceptual fire model that was developed at the shrub scale. 
Finally, in Chapter 5, I summarize the results from the prior chapters providing 
concluding remarks and offer insights and directions for further research in the future. 
 
 
 
 
7 
 
References 
Abella SR (2010) Disturbance and Plant Succession in the Mojave and Sonoran Deserts of the 
American Southwest. International Journal of Environmental Research and Public 
Health 7:1248-1284. 
Abella SR, Engel EC (2013) Influences of Wildfires on Organic Carbon, Total Nitrogen, and 
Other Properties of Desert Soils. Soil Science Society of America Journal 77:1806-
1817. 
Allen EB, Steers RJ, Dickens SJ (2011) Impacts of Fire and Invasive Species on Desert Soil 
Ecology. Rangeland Ecology & Management 64:450-462. 
Anderson HE (1970) Forest fuel ignitibility. Fire Technology 6:312-322. 
Augustine DJ, Derner JD, Milchunas DG (2010) Prescribed Fire, Grazing, and Herbaceous 
Plant Production in Shortgrass Steppe. Rangeland Ecology & Management 63:317-
323. 
Balch JK, Bradley BA, D'Antonio CM, Gomez-Dans J (2013) Introduced annual grass 
increases regional fire activity across the arid western USA (1980-2009). Global 
Change Biology 19:173-183. 
Bender EA, Case TJ, Gilpin ME (1984) Perturbation experiments in community ecology - 
theory and practice. Ecology 65:1-13. 
Bolling JD, Walker LR (2002) Fertile island development around perennial shrubs across a 
Mojave Desert chronosequence. Western North American Naturalist 62:88-100. 
Bond WJ, Midgley JJ (1995) Kill thy neighbor - An individualistic argument for the evolution 
of flammability. Oikos 73:79-85. 
Brooks ML (1999) Alien annual grasses and fire in the Mojave Desert. Madrono 46:13-19. 
8 
 
Brooks ML (2012) Effects of high fire frequency in creosote bush scrub vegetation of the 
Mojave Desert. International Journal of Wildland Fire 21:61-68. 
Brooks ML et al. (2004) Effects of invasive alien plants on fire regimes. Bioscience 54:677-
688. 
Brooks ML, Matchett JR (2006) Spatial and temporal patterns of wildfires in the Mojave 
Desert, 1980-2004. Journal of Arid Environments 67:148-164. 
D'Antonio CM, Vitousek PM (1992) Biological invasions by exotic grasses, the grass/fire 
cycle, and global change. Annual Review of Ecology and Systematics 23:63-87. 
Davies KW, Sheley RL, Bates JD (2008) Does fall prescribed burning Artemisia tridentata 
steppe promote invasion or resistance to invasion after a recovery period? Journal of 
Arid Environments 72:1076-1085. 
Debano LF, Conrad CE (1978) Effect of fire on nutrients in a chaparral ecosystem. Ecology 
59:489-497. 
Ehrenfeld JG (2003) Effects of exotic plant invasions on soil nutrient cycling processes. 
Ecosystems 6:503-523. 
Gaertner M, Biggs R, Te Beest M, Hui C, Molofsky J, Richardson DM (2014) Invasive plants 
as drivers of regime shifts: identifying high-priority invaders that alter feedback 
relationships. Diversity and Distributions 20:733-744. 
Griffith AB (2010) Positive effects of native shrubs on Bromus tectorum demography. 
Ecology 91:141-154. 
Grissino-Mayer HD, Swetnam TW (2000) Century-scale climate forcing of fire regimes in the 
American Southwest. Holocene 10:213-220. 
9 
 
Littell JS, McKenzie D, Peterson DL, Westerling AL (2009) Climate and wildfire area burned 
in western U. S. ecoprovinces, 1916-2003. Ecological Applications 19:1003-1021. 
Lopez RP, Larrea-Alcazar DM, Teresa O (2009) Positive effects of shrubs on herbaceous 
species richness across several spatial scales: evidence from the semiarid Andean 
subtropics. Journal of Vegetation Science 20:728-734. 
Moretti M, Legg C (2009) Combining plant and animal traits to assess community functional 
responses to disturbance. Ecography 32:299-309. 
Mudrak EL, Schafer JL, Fuentes-Ramirez A, Holzapfel C, Moloney KA (2014) Predictive 
modeling of spatial patterns of soil nutrients related to fertility islands. Landscape 
Ecology 29:491-505. 
Pauchard A, Garcia RA, Pena E, Gonzalez C, Cavieres LA, Bustamante RO (2008) Positive 
feedbacks between plant invasions and fire regimes: Teline monspessulana (L.) K. 
Koch (Fabaceae) in central Chile. Biological Invasions 10:547-553. 
Pausas JG, Moreira B (2012) Flammability as a biological concept. New Phytologist 194:610-
613. 
Peters DPC, Pielke RA, Bestelmeyer BT, Allen CD, Munson-McGee S, Havstad KM (2004) 
Cross-scale interactions, nonlinearities, and forecasting catastrophic events. 
Proceedings of the National Academy of Sciences of the United States of America 
101:15130-15135. 
Ravi S, D'Odorico P (2009) Post-fire resource redistribution and fertility island dynamics in 
shrub encroached desert grasslands. Landscape Ecology 24:325-335. 
Sagarin R, Pauchard A (2012) Observation and Ecology: Broadening the scope of science to 
understand a complex world. Island Press. Washington, DC, USA, 215 pp. 
10 
 
Schafer JL, Mudrak EL, Haines CE, Parag HA, Moloney MA, Holzapfel C (2012) The 
association of native and non-native annual plants with Larrea tridentata (creosote 
bush) in the Mojave and Sonoran Deserts. Journal of Arid Environments 87:129-135. 
Schlesinger WH, Raikes JA, Hartley AE, Cross AF (1996) On the spatial pattern of soil 
nutrients in desert ecosystems. Ecology 77:1270-1270. 
Schwilk DW (2003) Flammability is a niche construction trait: Canopy architecture affects 
fire intensity. American Naturalist 162:725-733. 
Sugihara NG, van Wagtendonk JW, Fites-Kaufman J (2006) Fire as an Ecological Process. In: 
Sugihara NG, Wagtendonk JWV, FitesKaufman J, Shaffer KE, Thode AE. Fire in 
California's Ecosystems. University of  California Press, Berkeley, CA, USA. 
Sunderman SO, Weisberg PJ (2012) Predictive modelling of burn probability and burn 
severity in a desert spring ecosystem. International Journal of Wildland Fire 21:1014-
1024. 
Supp SR, Ernest SKM (2014) Species-level and community-level responses to disturbance: a 
cross-community analysis. Ecology 95:1717-1723. 
Titus JH, Nowak RS, Smith SD (2002) Soil resource heterogeneity in the Mojave Desert. 
Journal of Arid Environments 52:269-292. 
Vila M, Lloret F, Ogheri E, Terradas J (2001) Positive fire-grass feedback in Mediterranean 
Basin woodlands. Forest Ecology and Management 147:3-14. 
Vitousek PM, Mooney HA, Lubchenco J, Melillo JM (1997) Human domination of Earth's 
ecosystems. Science 277:494-499. 
Whelan RJ (1995) The ecology of fire. Cambridge University Press, Cambridge, UK. 
 
11 
 
 
Figure 1 Map of the study area (a) showing the sites we studied in the Mojave Desert, CA 
(circle within the light-shaded area and picture b) and in the Sonoran Desert, AZ (triangle 
within the dark-shaded area and picture c) in the southwestern United States. 
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CHAPTER 2: ASSESSING THE IMPACT OF FIRE ON THE SPATIAL 
DISTRIBUTION OF LARREA TRIDENTATA IN THE SONORAN DESERT, USA. 
A paper published in Oecologia 
 
Andres Fuentes-Ramirez, Erika L. Mudrak, Petrutza C. Caragea, Claus Holzapfel and 
Kirk A. Moloney 
 
Summary 
In southwestern American deserts, fire has been historically uncommon because of 
insufficient continuity of fuel for spreading. However, deserts have been invaded by exotic 
species that now connect the empty space between shrubs to carry fire. We hypothesized that 
fire would change the spatial distribution of surviving Larrea tridentata shrubs. We 
established two study plots: one each in a burned and unburned area, and recorded location 
and living status of all shrubs. We performed univariate and bivariate point pattern analyses to 
characterize the impact of fire on the overall distribution of shrubs. Additionally, we used a 
simple wildfire model to determine how close we could come to reconstructing the observed 
spatial pattern of living and dead shrubs. We found a hyper-dispersed pattern of shrubs at 
finer scales and a random pattern at broader scales for both the unburned plot and for the 
living and dead shrubs combined in the burned plot, the latter providing an approximation of 
the pre-burn distribution of shrubs. After fire, living shrubs showed a clustered pattern at 
scales >2.5 m, whereas dead shrubs were randomly distributed, indicating that fire caused a 
change in the spatial pattern of the surviving shrubs. The fire model was able to partially 
reconstruct the spatial pattern of Larrea, but created a more clustered distribution for both 
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living and dead shrubs. Our study reinforces the key role of fire in altering landscapes that had 
not been habituated to fire, and suggests the existence of potential cascading effects across the 
entire plant community. 
 
Introduction 
Fire is an important disturbance in many ecosystems worldwide. It can alter vegetation 
structure, soil properties, and other ecosystem functions (Sugihara et al. 2006; Whelan 1995). 
To date, a great deal of the literature has focused on explaining how fire regimes are changing 
around the globe due to climate change (see Grissino-Mayer and Swetman 2000; Cary 2002; 
Bowman et al. 2009) and historical fire suppression. In North American hot deserts, however, 
fires have been historically uncommon (MacMahon 1999), in part because of the relatively 
low abundance of perennial plant cover (e.g., shrubs) and the wide spacing among plants, 
resulting in insufficient continuity of fuel to carry fire (Brown and Minnich 1986). However, 
the risk of fire in these systems has increased over the last several decades, due to increased 
human activities over time, resulting in extensive invasions by annual grasses and forbs 
(D'Antonio and Vitousek 1992). Invasive species (mostly winter annual grasses such as 
Bromus sp. and Schismus sp.) can increase fire risk by providing connections between the 
perennial shrubs through the production of more fine fuel (e.g., dry biomass) in the previously 
unvegetated space. As a result, wildfires in deserts have become more common and more 
severe (i.e., hotter fires) over the past several decades (Brooks et al. 2004; McDonald and 
McPherson 2013), impacting the biological, chemical, and physical properties of desert soils, 
as well as landscape structure and population dynamics of the plant community (Allen et al. 
2011). Hence, an increase in fire frequency and severity may have negative consequences for 
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an entire community that has generally been considered to be poorly adapted to fire (Allen, et 
al. 2011, Brown and Minnich 1986; O'Leary and Minnich 1981).  This may, in turn, act to 
reduce the abundance of the less fire-tolerant, native species (Burquez-Montijo et al. 2002). 
In summer 2005, a wildfire outbreak occurred in the Sonoran Desert, burning large 
extents of lowlands (Brooks and Matchett 2006; Esque et al. 2013), which are generally 
dominated by creosote bush (Larrea tridentata (DC.) Cov., hereafter referred to as Larrea). 
Larrea is a perennial shrub that plays a key role in structuring soil features, as well as annual 
plant diversity (Mudrak et al. 2014; Schafer et al. 2012; Schlesinger et al. 1996). Historically 
unprecedented fires in creosote bush shrublands of the Sonoran Desert started in the mid 
1970s.  Since then, large portions of native vegetation in burned areas have been replaced by 
exotic grasses (especially from the genera Bromus, Schismus, and Pennisetum; Burgess et al. 
1991; Rutman and Dickson 2002). Usually, wildfires in the Larrea shrublands spread during 
periods of high temperature (35-40°C in average), low relative humidity (10-20 %), and high 
wind speeds, ranging from 35-70 km/h-1, especially when the preceding rainy season had a 
significantly above-normal precipitation rate, resulting in denser and more widespread annual 
grass litter between shrubs (Brown and Minnich 1986). These were the conditions that likely 
fueled the wildfires in 2005 (Brooks and Matchett 2006, Esque, et al. 2013).  
A major impact of fire upon the desert landscape is the removal of many of the Larrea 
shrubs from the system.  In Sonoran lowlands, Larrea has been found to be hyper-dispersed at 
spatial scales less than approximately 2.0 m, but is randomly distributed at greater scales 
(Yeaton et al. 1977).  However, a shift in the fire regime has the potential to change Larrea’s 
spatial pattern by modifying the proportion and spatial arrangement of living and dead shrubs, 
leading to more openness in the landscape. This can cause impacts on the entire plant 
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community both directly (e.g., modifying soil nutrient availability) and indirectly (e.g., 
providing more open space to be colonized by exotic species), which is particularly important 
since Larrea has a low post-fire establishment rate, due to limited resprouting (3-30%) and 
low reproductive success (Abella 2009). Thus, wildfires may directly affect long-term 
community structure. Indirectly, fire can potentially alter plant community dynamics by 
having negative impacts on both soil nutrients and soil microorganisms in the mid- and long-
term. Furthermore, removal of shrubs by fire could be advantageous for exotic plant species, 
which might be successful in colonizing and establishing in the “empty spaces”, with high 
levels of nutrients left by Larrea after fire. Larrea plays a key role in maintaining diversity 
and function of Sonoran shrublands. Understanding how the spatial structure of Larrea 
shrublands might be changed by fire can provide useful insights for both conservation 
purposes and fire risk management. 
Spatial analysis and fire modeling provide useful tools for exploring the impact of 
disturbances (i.e., wildfire) on a given natural population, and may provide valuable insights 
for management of novel fire prone systems. In desert ecosystems, spatial data analysis has 
been used to investigate plant interactions and vegetation associations, reproductive success 
and dispersion patterns (Tirado and Pugnaire 2003; Miriti 2007; Rayburn et al. 2011), but 
little is known about how fire changes the spatial pattern of Larrea. In this study we primarily 
focused on the potential for change in the post-fire spatial distribution of surviving shrubs in 
the Sonoran Desert. We hypothesize that fire may mediate a change in the spatial pattern of 
Larrea shrubs in a non-random way, leading to a fundamentally different relationship among 
the remaining living individuals that escaped the fire (e.g., clustered into patches). We then 
developed a spatially-explicit model aimed at reconstructing the pattern observed in the field 
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for living and dead Larrea shrubs, using a simple, completely spatially random (CSR) fire-
spread algorithm. The goals of this research were to: 1) determine the spatial distribution of 
the remaining living Larrea shrubs within burned areas, relative to the pattern of adjacent 
unburned areas; 2) determine the spatial distribution of dead shrubs (i.e., plants not showing 
any sign of resprouting after fire), relative to survivors, as an indicator of the pattern of fire 
movement through the landscape; and 3) develop a simple initial fire model as a practical 
example aimed at reproducing the spatial pattern shrubs observed in the field and gaining 
insights about the potential initialization of fire within our study area. 
 
Material and Methods 
Study area and sampling plots 
The study was conducted within Larrea (creosote bush) dominated shrubland sites in 
the Sonoran Desert, in a system characterized by  scattered perennial shrubs, cacti, forbs, and 
grasses, with interspaces consisting of sparsely vegetated soils (Abella 2010). The primary 
study site was located at an elevation of 320 m within the eastern section of the Barry M. 
Goldwater Range (US Air Force Range), 35 km south of Gila Bend, AZ. The mean annual 
temperature is 23.4°C and mean annual precipitation is 135 mm (Western Regional Climate 
Center, Gila Bend weather station), with wet seasons occurring in summer and winter. There 
is no evidence that the site has been impacted by fire in recent history. The second site 
considered in the study (located at an elevation of 360 m) was affected by a wildfire that 
covered approximately 28,000 hectares in 2005. The wildfires occurred after above-normal 
rainfall rates in the preceding wet season, resulting in an abundance of fine fuels. The 
cumulative rainfall prior to the fire from July 2004 to April 2005 was 246 mm and the mean 
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maximum temperature for June and July was 47.2°C (Western Regional Climate Center, Gila 
Bend weather station). This rainfall was unusual, representing about 3.5 times the average. 
Above average rainfall in these water limited areas results in above-normal plant production, 
especially exotic annual grasses from the genera Bromus and Schismus, and represents a key 
factor for the spread of fire in desert environments (Brooks et al. 2004).   
In 2010, 5 years after the fire in the burned site, we established two plots: one plot was 
located in the wildfire site, and the other plot was located within the unburned area (see Fig. 
1). The two plots were 83 x 130 m, and were approximately 11 km apart (32°37'46" N, 
112°51'18" W for the burned plot and 32°41'49" N, 112°50'22" W for the unburned plot). The 
burned plot was chosen as the closest fire affected site to our primary, unburned study site, 
that had been established for a more extensive study (cf., Mudrak et al. 2014, Schafer et al. 
2012). The two plots were oriented so that the longer side ran north-south. We used a GPS to 
locate the corners of each plot and stakes were placed to delineate the boundaries in the field. 
The two study plots we worked in are located near to an active military training area, which 
produces an increased risk of ignition due to the active use of explosives and firearms. 
We acknowledge that this work was conducted in system impacted by natural 
(uncontrolled) conditions. Also, we are only comparing one burned with one unburned site.  
However, much can be learned in “natural experiments”, especially in systems where 
controlled experiments mimicking natural processes are essentially impossible to conduct (cf., 
Sagarin and Pauchard 2012).  Additionally, since replication in point-pattern analysis is at the 
level of the individual object, each object represents a response to the process being explored 
(Wiegand and Moloney 2014).  Greater generality would be gained by studying more sites, 
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but the approach taken here provides very useful insights into the movement of fire through 
Larrea-dominated systems. 
 
Shrub measurements 
Within each of the sampling plots we geo-referenced all Larrea individuals using a 
sub-meter Trimble Geo-XT 2003 GPS unit.  We defined a “living shrub” as the collection of 
stems and green branches, with overlapping canopies, located on a single soil mound. The 
average canopy area of a living shrub ranged from 2 to 4 m2 (Mudrak et al. 2014). Similarly, a 
“dead shrub” was defined to be the burned stump or dried collection of branches and stems on 
a single soil mound. The living status of each shrub was visually assessed in the field. We 
recorded two attributes per shrub: location (x, y coordinates) and status (living or dead, 
assuming that living shrubs survived the fire and dead shrubs were killed by the fire). 
Differential correction for the location and elevation data was applied by using the nearest 
base provider to obtain a spatial accuracy of 30-50 cm (CORS, MCDOT Buckeye (AZBK), 
AZ, National Geodetic Survey, NOAA 1997). Before analysis, all UTM coordinates were 
transformed so that the origin was located at the SW corner of the each plot. 
 
Data analysis and null models 
With the aim of investigating how Larrea shrubs were distributed across the landscape 
in each of the study plots prior to and post fire, we conducted univariate and bivariate spatial 
analyses. Univariate analyses were used to examine the spatial patterns of a single category of 
point (i.e., living, dead or living + dead shrubs), whereas bivariate analyses were used to 
characterize the spatial relationships between living and dead shrubs within the burned plot. 
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Univariate analyses. We used g(r), the pair correlation function (PCF), for the 
univariate analyses (Stoyan and Stoyan 1996; Wiegand and Moloney 2014). Although 
Ripley’s K function (Ripley 1981) is more familiar to ecologists, the PCF is generally more 
useful, since it characterizes spatial relationships as a function of distance, rather than as a 
function of neighborhood point density.  This avoids the problem of “virtual aggregation” 
produced by Ripley’s K, which makes it difficult to interpret point pattern analyses correctly 
(Wiegand and Moloney 2014). 
For the unburned plot, which we considered to be the control pattern, we calculated 
the PCF for all Larrea individuals. We also computed the PCF for the living and dead shrubs 
combined within the burned plot, hypothesizing that this pattern should represent pre-burn 
conditions, and be similar to the pattern in the unburned plot, if the spatial structure was 
essentially the same prior to the fire. We followed up with two additional univariate analyses, 
complementing the information provided by the PCF analysis: G(r), the nearest neighbor 
distribution function, and H(r), the spherical contact distribution. G(r) is a summary statistic 
of the cumulative distribution of the distance from the points of a pattern (e.g., shrubs) to their 
nearest neighbors. This provides information about the variability of the point pattern that is 
being investigated, especially if the pattern comprises areas of low density (e.g., areas with 
isolated points). It is also useful in detecting subtle details of local clustering (Wiegand et al. 
2013). H(r) is related to G(r), but instead measures the distribution of the distances from test 
locations to the nearest points in the pattern (see Diggle 2003). This function is useful for 
characterizing the “holes” in a pattern, as it measures the size of the gaps. We computed these 
two functions for the shrubs in the unburned plot, as well as for the living and dead shrubs 
combined in the burned plot. For these three univariate analyses (i.e., PCF, G(r), and H(r)) we 
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used complete spatial randomness (CSR) as the null model for detecting aggregation or 
inhibition among the shrubs. CSR is the simplest and most commonly used null model, and 
assumes no interaction between events in a given pattern (e.g., random distribution). For a 
completely random point process, g(r) = 1 for all values of r. Values of g(r) > 1 indicate 
aggregation (clustering) at distance r, whereas values less than 1 indicate regularity or 
segregation. Significance tests were calculated by conducting 199 Monte-Carlo simulations to 
create 95% CSR confidence envelopes. Values of the PCF falling outside of the envelopes are 
considered to be statistically different from random.  We apply a conservative approach to 
interpreting significance and do not consider slight departures from the significance envelopes 
to be significant (Baddeley et al. 2014).  We also consider patterns exhibiting a series of 
adjacent values lying outside the envelopes as being of greater significance than isolated 
values.  We also have not applied goodness-of-fit tests in the current study since our analyses 
are exploratory in nature, we do not have a priori expectations of the critical scales of 
interaction, and we are not making claims of significance for small departures from the Monte 
Carlo simulations envelopes (cf., Baddeley et al. 2014 vs Loosmore and Ford 2006).  
We used the pcf command in the spatstat R package to compute the PCF values, with 
r = 20 and a precision of 0.1 (Baddeley and Turner 2005). Confidence envelopes for G(r) and 
H(r) were created using the same protocol as in the PCF analysis. Values of G(r) below the 
theoretical expectation suggest an inhibitory pattern of over-dispersion, whereas values above 
suggest clustering at scale r. Similarly, values of H(r) below the theoretical expectation 
indicate a clustered pattern, whereas values above suggest an over-dispersed pattern. We used 
the commands Gest and Hest within the spatstat R package to calculate G(r) and H(r), 
respectively (Baddeley and Turner 2005). 
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In a second set of analyses, we calculated the PCFs, G(r), and H(r) separately for the 
living and dead shrubs within the burned plot to characterize the impact of the fire on the 
spatial structure of the system. For this, we used random labeling (RL) as the null model. RL 
assumes random assignment of labels (e.g., living or dead) to the fixed locations of the shrubs, 
holding the proportion of each type of label equal to that of the observed pattern. Under RL, 
the locations of the objects in the pattern arise from a univariate spatial point process, and the 
marks (e.g., living or dead) are determined a posteriori by some phenomenon (e.g., wildfire) 
(Goreaud and Pelissier 2003). This form of analysis investigates whether or not the shrub 
class (“living” or “dead”) was randomly distributed within the given spatial structure of the 
living and dead shrub combined (Wiegand and Moloney 2004). Confidence envelopes were 
created using the same protocol described above, but specifying RL as the null model. 
Bivariate analyses. We conducted bivariate analyses to characterize the spatial 
relationship between living and dead shrubs within the burned plot. For this, we used random 
labeling (RL) as the null model. We used a multi-type PCF approach (which is essentially a 
crossed g(r) analysis) to investigate at which (if any) spatial scales the two classes of shrub 
were aggregated or segregated. Values of cross g(r) above the confidence envelopes indicate 
aggregation and below indicate segregation among shrubs of the different classes. The 95% 
confidence envelopes were created by running 199 Monte-Carlo simulations of RL (pcfcross 
command in the spatstat R package, Baddeley and Turner 2005). We also calculated two 
additional bivariate functions to complement the cross PCF: the cross G(r) and the mark 
connection function ρ(r). The cross G(r) function (gcross command in the spatstat R package) 
characterizes the nearest neighbor distance between the two shrub classes, with the results 
dependent upon which class is treated as the focal class and which is the neighbor class. When 
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living shrubs are used as the focal class, we determine the nearest neighbor distances to the 
dead shrubs and vice versa. The ρ(r) function qualitatively analyzes the process (i.e., wildfire) 
that distributes the marks “living” vs. “dead” over the univariate pattern. In this context, for a 
marked point pattern with living and dead individuals at distance r, ρ li-de(r) is defined as the 
probability that the first point is of type living, and the second of type dead, and ρ de-li(r) is 
defined as the probability that the first point is of type dead, and the second of type living 
(markconnect command from the spatstat R package, Baddeley and Turner 2005). Confidence 
envelopes for cross G(r) and ρ(r) were created using the same protocol as in the cross PCF 
analysis. 
 
Fire modeling approach 
We used NetLogo, a multi-agent-based modeling environment (Wilensky 1999), to 
develop a fire model based only on the spatial data of Larrea shrubs in the Sonoran Desert (n 
= 640). No other information was included in the model. We set the locations of shrubs in the 
model to be identical to the pre-fire pattern observed in the burn plot (i.e., living and dead 
shrubs combined).  Fires were initiated using a single shrub selected at a random location. The 
probability that additional shrubs would ignite P(r) was determined as a function of the 
distance r from the original ignition point or from another burning shrub. P(r) varied within a 
radial distance of 10 m, following a negative exponential decay curve defined as: 
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where a = 1 (the probability of being burned at distance 0 from an already-burning shrub) and 
b is the decay rate of the probability curve. The cutoff distance of 10 m was determined from 
the results of the bivariate analyses as being a reasonable distance beyond which there would 
be little, if any, fire spread. The result of each model simulation was a set of shrubs at the 
observed field locations with a mark of living or dead. We performed 2,000 simulations for 16 
values of parameter b (i.e., from 0.045 to 0.12 with 0.005 increments) to determine which one 
resulted in a mean number of dead shrubs within 10% of the observed number in the field 
(i.e., 495 ± 50 dead shrubs). We provided the standard error (S.E.) associated to each mean, 
for each b value as measure of precision of the mean estimate. Of the successful parameter b 
values, we took the 0.025 and 0.975 percentiles of the simulated PCF distribution to create the 
95% confidence envelopes and compared it with the observed PCF for living and dead shrubs. 
We also investigated the impact of the choice of initial ignition points on fire spread 
within our burned plot to explore how variable the resulting effects were due to the spatial 
configuration of shrubs occurring in the plot, and to obtain a general idea of where the fire 
front might have originated. We ran simulations using a value for parameter b that met our 
criterion above (i.e., b = 0.08 as described in the Results section), and allowed each shrub to 
act as the initial ignition point for 30 simulations. We then calculated the average percentage 
of burned shrubs for each initially ignited shrub and plotted these averages in a spatially-
explicit way, representing a “fire severity map” given the location of the starting ignition 
point.  This analysis provides insights into the variability of predicted fire patterns for the 
simulation model based on initial conditions of ignition. 
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Results 
There were 713 Larrea shrubs within the unburned Sonoran plot (with no dead shrubs) 
and 640 living and dead shrubs within the burned plot, the latter comprising 145 living Larrea 
shrubs and 495 dead shrubs (Fig. 2a-b). 
 
Spatial patterns 
Within the unburned plot (control pattern), the PCF analysis indicated that Larrea 
individuals were hyper-dispersed at distances <2.0 m, but were randomly distributed at 
broader spatial scales (Fig. 2c). Similarly, for the combined pattern of living and dead shrubs 
in the burned plot, the PCF showed a hyper-dispersed distribution at distances <2.0 m, but a 
random spatial distribution at broader distances (Fig. 2d). The nearest neighbor distribution 
function G(r) also provides evidence of a hyper-dispersed pattern at short distances for Larrea 
individuals in the unburned plot and for the combined pattern of living and dead shrubs in the 
burned plot, as there were fewer neighboring shrubs than expected by chance (Fig. 2e-f). H(r) 
was also consistent with the PCF results, as it confirmed the inhibitory pattern at short 
distances for the Larrea shrubs in the unburned plot, as well as for the living and dead shrub 
combined in the burned plot, by exhibiting larger void sizes than expected by chance (Fig. 2g-
h). This hyper-dispersed pattern observed within the burned and unburned plot likely 
represents the natural spacing between Larrea shrubs, and it is closely related to the average 
area of an individual shrub canopy, ranging from 2 to 4 m2. 
In the burned plot, the Larrea shrubs that survived the fire exhibited evidence of a 
clustered distribution at distances greater than 2.5 m (Fig. 3a and 3c). The distributional 
pattern of the dead shrubs was similar to the pattern observed in the unburned plot and for the 
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living and dead shrubs considered together in the burned plot (Fig. 3b and 3d). The PCF 
functions calculated separately for living and dead shrubs were consistent with G(r) for living 
individuals and with G(r) for dead shrubs. The G(r) for living individuals alone showed that 
there were more shrubs at distances > 2.5 m in the surrounding neighborhood than expected 
by chance (Fig. 3e), and the G(r) for dead shrubs showed a random pattern (Fig. 3f). Also, 
H(r) showed a slower rate of increase than the expectation at intermediate scales, which 
indicates that there are fewer voids with radii between 5 and 15 m than expected, suggesting a 
clustered pattern at intermediate scales for living shrubs (Fig. 3g). For dead shrubs, H(r) 
indicated a random distribution (Fig. 3h). 
Regarding the spatial relationship between living and dead shrubs within the burned 
plot (bivariate analyses), the cross PCF suggested segregation at intermediate scales (~5m) 
from living to dead shrubs and vice versa (Fig. 4a-b). The cross G(r) showed that both classes 
of shrubs (living and dead) tended to be surrounded by dead shrubs, since from living to dead 
we observed a non-significant trend, whereas the pattern from dead shrubs to living was 
statistically significant (Fig. 4c-d). The mark connection function ρ(r) suggests that the 
probability for a dead shrub to be surrounded by a living shrub is significantly lower than 
expected under RL within ca. 10 m (Fig. 4e-f). This result suggests that the highest likelihood 
for an unburned shrub of catching fire is within10 m of a burned shrub. 
 
Fire model 
We found one value of parameter b (i.e,. b = 0.08) that yielded a mean of 473 burned 
shrubs and a S.E. = 3.91 (see Table 1 in bold type and Fig. 5a). Using b = 0.08 in simulations, 
model-simulated data for living shrubs exhibited a more clustered pattern (higher PCF values) 
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at finer scales (i.e., <10 m), compared to the observed PCF distribution. However, at broader 
scales (i.e., >10 m), the values of the observed PCF fell within the 95% confidence envelopes 
created by the PCF of the simulated data (Fig. 5b). This indicates that the fire model did not 
reproduce the observed pattern of living shrubs at short distances accurately, but it did at 
greater distances. For model-simulated dead shrubs, we found that the PCF differed from the 
observed pattern across all spatial scales, creating a more clustered pattern along the entire 
range of scales, compared to the observed distribution in the field (Fig. 5c). 
The initial location of the ignition source affected the relative number of living and 
dead shrubs produced across the entire plot. Thus, if a fire starts in areas where shrubs were 
very close to each other, the fire-spread risk (i.e., high number of burned shrubs within the 
plot) is higher, relative to those areas where shrubs were spaced farther apart from each other. 
This suggests that the wildfire front may have hit the area from the lower half of our study 
plot. We found that the likelihood of fire spread from shrubs in the lower half of the plot (Fig. 
6) was high (relative to the upper half), burning about 75% of the shrubs, which was the 
actual proportion of burned shrubs in the field. It is interesting to note as well that the large 
void in the center of the plot tended to act as a fire barrier in the model, creating a different 
burn pattern for fires initiated in the upper half of the plot (i.e., relatively low fire spread) 
compared to the lower half (see Fig. 6). 
 
Discussion 
We found a consistent spatial pattern comparing the unburned plot with the pattern of 
living and dead shrubs considered jointly in the burned plot, indicating that the sites had 
similar spatial patterns before fire. Larrea shrubs were randomly distributed at broader scales, 
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but hyper-dispersed at finer scales (i.e., <2.0 m). This hyper-dispersed pattern likely 
represents the natural spacing between the shrubs, given the average size of an individual 
shrub, ranging from 2 to 4 m2 (Mudrak et al. 2014). This pattern is also commonly found 
when there is competition for resources (e.g., water and nutrients), and with other species 
(Yeaton et al. 1977; Fonteyn and Mahall 1978; McDonough 1963). In this area, Larrea 
competes with Ambrosia sp. (another common perennial shrub; Fonteyn and Mahall 1978; 
Fonteyn and Mahall 1981), leading to spatial segregation between the two species, which in 
turn results in a random distribution for Larrea (Schenk et al. 2003). Larrea is a keystone 
species that predominantly determines community structure in SW deserts, and it can be 
viewed as a better competitor compared to other perennial shrubs (Mahall and Callaway 1992; 
Schenk, et al. 2003). Another possible explanation of the hyper-dispersed pattern of Larrea at 
finer scales might be due to the spatial distribution at seedling emergence: clumped at short 
distances (<2 m), but randomly distributed at greater distances (Bowers et al. 2004), 
suggesting that competition within seedling clumps would lead to hyper-dispersion. Similar 
results have been shown for other shrub species in Mediterranean shrublands in Spain, where 
seedlings of Ulex parviflorus (gorse) were aggregated in the early stages, but segregated when 
plants grew to maturity (Raventós et al. 2010). 
In the burned plot we found that the 145 living shrubs were clustered at distances >2.0 
m, whereas the 495 dead shrubs followed a hyper-dispersed pattern at finer scales and were 
randomly distributed at broader scales (similar to the unburned plot). These findings may give 
us a proxy of the burning pattern of the fire itself, suggesting that fire acted as a mediator for 
the change of the spatial pattern. Thus, fire burned Larrea shrubs in an overall random way, 
killing a large proportion of shrubs, while leaving a small number of living individuals behind 
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that were scattered among several small clusters (see Fig. 6). The fact that the pattern of the 
dead shrubs was similar to the pre-fire pattern (dead+living shrubs), and the pattern of the 
living shrubs was not, is most likely due to small clusters of shrubs escaping fire. The removal 
of a small number of points (living shrubs) might have left the pattern of dead shrubs 
indistinguishable from the pre-fire pattern. However, the observed distribution of the living 
Larrea shrubs after fire may represent a short-term phase, which will potentially change to a 
more regular distribution over time because of competition with their surrounding neighbors 
(see Kenkel 1988). 
Another potential scenario is that, once the fire has removed some shrubs from the 
system, the structure and function of the entire plant community may be permanently affected 
(considering the low post-fire recovery rate of Larrea, Abella 2009). Indeed, invasive grasses 
like Bromus sp. and Schismus sp. can take advantage of the removal of Larrea and occupy the 
“empty spots”, which still represent islands of fertility, leading to a broader and more uniform 
invasion. But more importantly, as these exotic species are the primary fuel that carries fire in 
SW American deserts (Brooks, et al. 2004, McDonald and McPherson 2013), the chances of 
repeated fires are greater in burned areas than in unburned ones (D'Antonio and Vitousek 
1992; Brooks and Lusk 2008). This may imply a shift of the fire regimes from rare fires (i.e., 
Sonoran Desert) into an increased severity and frequency of wildfires, likely reducing the 
abundance of less fire-tolerant species (McLaughlin and Bowers 1982; Brown and Minnich 
1986; Burquez-Montijo et al. 2002). 
 
 
 
29 
 
Fire model 
We were successful in fitting a fire model based on spread as a function of the 
distances separating shrubs that did a reasonably good job of matching the observed number 
of burned and living shrubs. However, the spatial pattern of the simulated data only partially 
agreed with the observed PCF for both living and dead Larrea shrubs. The spatial data from 
the fire model overestimated the value of the PCF (especially at short distances), producing a 
more clustered pattern compared to what we observed in the field. Additionally, the fire 
model provided basic information regarding the potential locations where the fire front may 
have first arrived at our plot, discarding those locations with lower probability of fire spread 
(colder colors of map in figure 6). Although quite simple in design, the modeling approach we 
used presents a first step in determining how best to model fire spread for these kinds of 
systems. 
More complex fire models might also include other environmental factors, such as 
wind conditions, temperature and relative humidity, topography, and vegetation cover (Adou 
et al. 2010; Sunderman and Weisberg 2012), especially after an above-normal wet season 
(Brown and Minnich 1986). These were the conditions in 2005 when fire burned site 
considered here. It is important to mention that our fire model did not include any input 
regarding shrub features. While information on shrub size would no doubt increase the 
accuracy of our model, we had no information on the size of burned shrubs before the fire. 
However, our research group is currently working on techniques to accurately determine 
shrub size and volume using aerial imagery, aiming at using images of multiple sites (i.e., 
higher replication) before and after wildfires, to develop much-improved models. 
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In summary, we found a change in the spatial pattern of Larrea shrubs surviving the 
fire that shifted to a more clustered distribution. This was consistent for the three summary 
statistics we used: PCF, G(r), and H(r). The novel post-fire spatial structure of the Larrea 
shrublands might be favorable for the establishment of exotic species (especially Bromus sp. 
and Schismus sp. grasses). This may therefore, act to increase the abundance fine fuel, making 
the grass-fire cycle stronger (D'Antonio and Vitousek 1992; Brooks et al. 2004). We think 
that fire modeling of Larrea shrublands based on proximity (radial distance) from burning 
shrubs is a good starting point for exploring the relationship between the burning pattern of 
fire and the spatial distribution of shrubs. However, with the recent development of digital 
image analysis and its application to ecology, using aerial photographs or high-resolution 
satellite images, coupled with more detailed simulation models, we may be able to develop an 
improved understanding of fire dynamics at broader spatial scales with better predictions. 
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Table 1 Parameter b values (decay rate) used in the fire model to examine the relationship 
between the observed number of burned shrubs in the field and the model. The b value (0.080, 
in bold type) met the criterion of yielding a mean number of burned shrubs encompassing the 
actual number of burned shrubs ± 10% in the field. The standard error (S.E.) indicates the 
precision of the mean estimate for each parameter b value 
 
Parameter b Mean # of burned shrubs S.E. 
0.045 637.4 0.32 
0.050 635.5 0.55 
0.055 631.8 0.90 
0.060 627.4 1.01 
0.065 617.2 1.42 
0.070 592.3 2.30 
0.075 550.5 2.98 
0.080 472.5 3.91 
0.085 380.8 4.18 
0.090 286.1 4.00 
0.095 205.7 3.51 
0.100 130.2 2.75 
0.105 73.3 1.82 
0.110 40.1 1.05 
0.115 25.3 0.67 
0.120 16.5 0.46 
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Figure 1 Map of the study area within the Sonoran Desert in Arizona, USA that depicts the 
boundary of the wildfire occurred in 2005. The location of the unburned and burned plots is 
indicated with a circle and triangle, respectively. Note that the aerial image in not scaled to 
the dashed box in the larger map. Image taken from Maricopa County Historical Aerial 
Photography data base, URL http://gis.maricopa.gov/Index.html 
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Figure 2 Observed spatial pattern of Larrea tridentata within an a) unburned (n = 713) and b) 
burned (n = 640) area. In b), closed circles indicate dead shrubs (n = 495) and open circles 
indicate living shrubs (n = 145). Spatial summary characteristics of shrubs distribution. In the 
unburned plot (c) g(r), e) G(r), and g) H(r)) and within the unburned plot (d, f, h, 
respectively) the pre-burn spatial pattern. For panels c-h the gray-shaded areas represent the 
95% confidence envelopes. Solid lines are the observed value of the function and dashed lines 
correspond to the theoretical expectation under CSR 
40 
 
 
Figure 3 Observed spatial pattern of a) living and b) dead Larrea shrubs within the burned 
site. c) Pair correlation function g(r) for living shrubs (dotted line), dead shrubs (dashed line), 
and living and dead combined (solid line). G(r) for d) living (dotted line) and e) dead (dashed 
line) shrubs contrasted with living and dead shrubs combined together (solid lines). H(r) for f) 
living shrubs and g) dead shrubs (solid lines). For panels c-g the gray-shaded areas represent 
the 95% confidence envelopes created from RL 
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Figure 4 Bivariate analyses showing transitions from living to dead shrubs (left side) for a) 
g(r), c) G(r), and e) ρ(r), and from dead to living shrubs (right side), for b) g(r), d) G(r), and 
f) ρ(r) within the burned area. For all panels the gray-shaded areas represent the 95% 
confidence envelopes created from RL 
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Figure 5 Results from one run of the fire simulation model showing a) the spatial pattern 
created by the fire model using parameter b = 0.08. Closed points indicate dead shrubs and 
open points indicate living shrubs. The star shape indicates the shrub that was initially ignited 
in this model run. Observed PCFs (solid lines) for b) living and c) dead shrubs plotted with 
the 95% confident envelopes (gray-shaded areas) created from the simulated data (using 2,000 
simulation for parameter b = 0.08) for each class of shrub (i.e., living and dead) 
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Figure 6 Fire severity map for the burned plot given the locations of the first ignited shrub 
using parameter b = 0.08. Each shrub was ignited 30 times and the average percentage of 
burned shrubs for that given initially ignited shrub was recorded. Colder colors indicate lower 
potential of fire spread and hotter indicate higher fire spread (in percentage of burned shrubs). 
Note that the observed spatial distribution from the field was superimposed over the color-
coded map (closed circles indicate dead shrubs and open circles indicate living shrubs from 
the observed pattern in the field) 
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CHAPTER 3: SPATIO-TEMPORAL IMPACTS OF FIRE ON SOIL NUTRIENT 
AVAILABILITY IN LARREA TRIDENTATA SHRUBLANDS OF THE MOJAVE 
DESERT, USA. 
A paper submitted to Geoderma 
 
Andres Fuentes-Ramirez, Jennifer L. Schafer, Erika L. Mudrak, Marjolein Schat, 
Hadas A. Parag, Claus Holzapfel and Kirk A. Moloney 
 
Summary 
Soil nutrients and herbaceous plant growth are patchily distributed in desert 
ecosystems, often restricted to “fertility islands” created by perennial shrubs. Although fire 
has been historically uncommon in southwestern American hot deserts (e.g., the Mojave), 
these regions have experienced more severe fires due to recent invasions of exotic species that 
promote fire spread. Nevertheless, the effects of fire on soil nutrients in SW deserts, including 
via the removal of shrubs by fire, remain unclear. We assessed the spatio-temporal impacts of 
fire on soil nutrient availability in burned and unburned areas of the Mojave Desert. The study 
was conducted in shrublands dominated by Larrea tridentata. We investigated both the short 
(7 months after fire) and long (7 years after fire) term effects of fire on soil nutrient 
availability within a microhabitat gradient spanning from under the shrub canopy to open 
inter-shrub areas. We found that nitrogen (N) and potassium (K) were higher under the 
canopy of burned L. tridentata 7 months after fire. In contrast, 7 years after fire, N and K 
availability were lower around shrubs that were killed by fire. Over the short-term, fire had a 
positive effect on soil nutrients. However, over the long-term, the fertility island effect 
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diminished after removal of shrubs by fire, and the differential availability of nutrients such as 
N and K became more similar under shrubs and in open inter-shrub areas. This reinforces the 
key role of L. tridentata in influencing the distribution of soil nutrients and provides support 
for the hypothesis that post-fire herbaceous plant growth will be less restricted to areas under 
shrubs. 
 
Introduction 
Fire is an important disturbance in many ecosystems that can alter vegetation and 
affect soil nutrient balance via losses and inputs (Whelan 1995, Sugihara et al. 2006). Loss of 
nutrients usually occurs through volatilization and post-fire soil erosion by wind and water. 
Nutrient inputs occur when burned plant biomass and litter are incorporated back into the soil 
in the form of ash (Neary et al. 1999). Due to the mechanisms of nutrient losses and inputs, 
fire has the potential to affect both nutrient availability and the spatial distribution of nutrients 
in the soil, especially in systems with patchily-distributed soil resources (Rodriguez et al. 
2009). The effects of fire on the availability and distribution of soil nutrients can also be 
influenced by the structure of the plant community, the topography of the burned area, and the 
physical and chemical properties of the soil (Wan et al. 2001, Abella and Engel 2013). 
In general, desert ecosystems are not thought of as being prone to fire, primarily 
because of the lack of a continuous fuel bed to carry fire (Brooks and Matchett 2006, Allen et 
al. 2011). Over the last several decades, however, desert regions of southwestern North 
America (e.g., the Mojave Desert) have been invaded by exotic grasses (e.g., Bromus and 
Schismus species) and forbs (e.g., Erodium cicutarium and Brassica tournefortii; D'Antonio 
and Vitousek 1992, Brooks et al. 2004) that have promoted fire. These exotic species have 
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increased plant biomass (and plant litter) within the inter-shrub areas, which has increased 
fuel loads and contributed to more frequent and severe wildfires. Fire risk is greater after 
rainy seasons with above-average precipitation (Brooks et al. 2004, Chambers and Wisdom 
2009, Esque et al. 2013). 
Even though fire risk has increased in deserts ecosystems, the potential effects of fire 
on soil properties remain unclear. For example, some studies have shown that nitrogen 
availability has increased, decreased, or remained unchanged after fire (Ehrenfeld 2003, Allen 
et al. 2011, Abella and Engel 2013), and the differences in the effects of fire on soil nutrients 
may be related to the time after fire at which measurements are made (e.g., short vs. long term 
effects; Debano and Conrad 1978, Davies et al. 2008, Augustine et al. 2010). Specifically, in a 
recent study conducted in shrublands of the Mojave Desert, Abella and Engel (2013) found 
nitrogen (N)  and potassium (K) to be higher in burned areas compared to unburned areas, but 
differences decreased over the first year after fire, highlighting how temporal effects may 
influence nutrient balance in desert soils. 
A clear understanding of the impact of fire on soil nutrients in desert ecosystems is 
complicated by the fact that soil nutrients are generally scarce and heterogeneously 
distributed. Many nutrients are concentrated in “fertility islands” created by trees and 
perennial shrubs, such as the creosote bush, Larrea tridentata (DC.) Cov. (hereafter referred 
to by genus; Schlesinger et al. 1996, Bolling and Walker 2002). Several studies have shown 
that nutrient concentrations (mainly N and K) are higher under Larrea canopies than in open 
inter-shrub areas (Samson 1986, Titus et al. 2002, Mudrak et al. 2014). Fertility islands are 
crucial in desert systems because they help to maintain a diverse and productive annual 
community under the shrub canopies (Esque et al. 2010, Schafer et al. 2012). Many native 
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annual species do not readily grow in the open inter-shrub areas, unlike the exotic species 
described above. Furthermore, desert fires tend to be patchy in their effects (Brooks and 
Matchett 2006), leading to changes in the spatial distribution of living shrubs in the landscape, 
which may have implications across the entire plant community (Fuentes-Ramirez et al. 
2015). Because perennial shrubs are key components in the structure and functioning of 
southwestern American deserts (Bolling and Walker 2002, Lopez et al. 2009, Griffith 2010, 
Schafer et al. 2012, Mudrak et al. 2014), shrub removal by fire may have cascading effects on 
the whole community. However, little is known about the effect of shrub removal by fire on 
both the availability and spatial distribution of nutrients, and the persistence of Larrea fertility 
islands. 
The purpose of this study was to examine both the temporal and spatial effects of fire 
on soil nutrients in Larrea dominated areas of the Mojave Desert. We assessed the short-term 
effects of fire by comparing soil nutrients of unburned and experimentally burned Larrea 
shrubs 7 months after fire. We assessed the long-term effects of fire by measuring soil 
nutrient availability under living Larrea shrubs and on soil mounds where Larrea was killed 
by a wildfire 7 years prior to our study.  In both cases, the effect of fire on the spatial 
distribution of nutrients was assessed by comparing soil nutrients under Larrea canopies with 
soil nutrients in the open inter-shrub areas. We hypothesized that soil nutrients increase over 
the short-term after fire and that increases are greater under the Larrea canopy than in the 
open inter-shrub areas. We also hypothesized that soil nutrients become more evenly 
distributed over the long-term after removal of shrubs by fire, indicating a change in the 
spatial pattern of nutrients and a potential disappearance of the fertility island effect created 
by Larrea. Investigation of soil nutrient dynamics within the fire-impacted Larrea shrublands 
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is necessary for developing a better understanding of the potential impacts of fire on the long-
term structure of desert communities, in which novel fire regimes have become more 
prevalent over the last few decades. 
 
Materials and Methods 
Study area 
The study was conducted in two Larrea tridentata (DC.) Cov. shrubland sites in the 
Mojave Desert. Selected shrubs at one site were experimentally burned in June 2011. The 
other site was burned by a wildfire in May 2005 (Fig. 1). Both sites had similar physical 
characteristics, and were co-dominated by Larrea and the perennial shrub Ambrosia dumosa 
(A. Gray) Payne, with inter-shrub areas sparsely vegetated by forbs and grasses (Abella 
2010).  Soils are young and intermediate aged alluvial grus (decomposed granite; Amoroso 
and Miller 2006). 
The experimentally burned site was located within the Fort Irwin National Training 
Center, 31 km north of Barstow, CA at an elevation of 865 m (35°9'21" N, 116°53'6" W). The 
mean annual temperature in this area is 18.8°C and mean annual precipitation is 130.5 mm 
(Western Regional Climate Center, Barstow weather station), with the majority of 
precipitation falling between January and March. The Fire Department at Fort Irwin National 
Training Center used fusee flares (fusee backfiring torch, US Forest Service specification 
5100-360) to burn 56 Larrea shrubs distributed throughout a one-hectare plot on 20-21 June, 
2011. Fusee flares are commonly used in forestry for the ignition of controlled burns. These 
flares are easy to control, can burn as hot as 1,600°C, and produce minimal amounts of 
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residue. Only 25 shrubs (ca. 44%) showed some degree of resprouting (e.g., green tips, new 
foliage) 2 years after experimental burning (Erika L. Mudrak, unpublished data). 
The site burned by a wildfire was located at an elevation of 746 m, 24 km NW of 
Barstow, CA (35°4'56" N, 117°9'15" W) and 26 km SW of our experimentally burned Fort 
Irwin site (Fig. 1). The wildfire occurred after above-average precipitation in the 2004/2005 
wet season (328 mm, which is approximately 3 times higher than average), which caused an 
increase in the abundance of fine fuels that likely fueled the wildfire. This fire burned 
approximately 53 hectares and killed approximately 46% of the Larrea shrubs within our 
burned plot (California Department of Forestry and Fire Protection 2013, A. Fuentes-
Ramirez, unpublished data). 
 
Sampling design 
At the Fort Irwin site, we characterized the short-term effects of fire on soil nutrient 
availability. On January 29, 2012, seven months after the shrubs were experimentally burned, 
we deployed Plant Root SimulatorTM -probes (Western Ag Innovations, Inc., Saskatoon, 
Canada; hereafter referred to as PRS-probes) to measure soil nutrient availability. PRS-probes 
are ion-exchange (cation and anion) resin membranes mounted in a plastic frame that provide 
an index of the availability of nutrients by mimicking the uptake of nutrients by plants (Qian 
et al. 1992) and are effective in measuring nutrients in arid ecosystems (Drohan et al. 2005, 
Collins et al. 2010). Within the one-hectare plot, we selected 8 shrubs that were completely 
burned and killed by fire (with no sign of resprouting) and 8 unburned, living shrubs. Six 
PRS-probes were placed on the north side of each shrub at 20 cm intervals (from the center of 
the soil mound or shrub) along a transect extending up to 120 cm. We sampled on the north 
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side of the shrub because nutrient availability is higher on the north than south side of Larrea 
(Brooks 1999, Schenk and Mahall 2002, Mudrak et al. 2014). The probes were buried so that 
the ion-exchange surface spanned a depth of 5-10 cm. To assess the effect of fire on the 
spatial distribution of soil nutrients, we placed the probes in three microhabitats within a 
microhabitat gradient that spanned from 20-120 cm away from shrub (from under-canopy to 
open inter-shrub microhabitats, Fig. 2a): under the canopy of Larrea (UC; at 20 and 40 cm), 
in the open near Larrea (ON; at 60 and 80 cm), and in the open far from Larrea (OF; at 100 
and 120 cm). The PRS-probes were removed from the soil on March 30, 2012 after 60 days of 
burial, and were subsequently rinsed with distilled water and returned to Western Ag 
Innovations for analysis of nitrogen (N, measured as NH4+ and NO3-), phosphorus (P), 
potassium (K), magnesium (Mg), calcium (Ca), and sulfur (S). The soil nutrient 
concentrations are expressed as a flux rate, measured as µg of nutrient/10 cm2/day-1. 
At the wildfire site, we assessed the long-term effects of wildfire on soil nutrient 
availability 7 years after fire. In June 2011, we established two 0.5-hectare plots, one within 
the 2005 wildfire burn scar and one in an adjacent unburned area. There is no evidence that 
this unburned area has been impacted by fire in recent history, as we did not observe any 
burned stumps or bare soil mounds. We randomly selected 22 soil mounds that were 
associated with dead Larrea in the burned plot and 22 soil mounds associated with living 
Larrea in the unburned plot. We defined a living shrub as the collection of stems and green 
branches with overlapping canopies located on a single soil mound (i.e., fertility island; see 
Mudrak et al. 2014). Similarly, a dead shrub was defined as the burned stump or the dried 
collection of branches and stems on a single bare soil mound. We placed one PRS-probe in 
the center of each soil mound, which represents the under-canopy habitat (i.e., UC 
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microhabitat) influenced by the shrub, and one PRS-probe 120 cm away from the mound 
center (north side), outside of the area of influence of the shrub (i.e., OF microhabitat, Fig. 
2b), for a total of 44 PRS-probes per plot. The PRS-probes were buried on January 11, 2013 
(with the ion-exchange surface spanning a depth of 5-10 cm) and removed on March 27, 
2013, after 75 days of burial. PRS-probes were processed as described above, and nutrients 
were measured as a flux rate (i.e., µg of nutrient/10 cm2/day-1). 
 
Data analysis 
To assess the short-term effects of fire, we pooled distances into the three microhabitat 
categories (Under canopy, UC = 20 and 40 cm, Open near canopy, ON = 60 and 80 cm, and 
Open far from canopy, OF = 100 and 120 cm). We analyzed the effects of fire on soil nutrient 
availability 7 months after fire using a full factorial ANOVA with fire (burned and unburned) 
and microhabitat (UC, ON, OF) as fixed factors. The long-term effects of fire (i.e., 7 years 
after burning) on soil nutrient availability were analyzed using a full factorial ANOVA with 
fire (burned and unburned) and microhabitat (UC, OF) as fixed factors. We used a posteriori 
Tukey’s tests for pair-wise comparisons. Nutrient data were log-transformed when necessary 
to meet the assumption of normality. 
 
Results 
Seven months after fire, soil N and K availability were significantly higher under the 
canopies (UC microhabitat) of burned Larrea shrubs than in the same microhabitat under non-
burned shrubs (Table 1). Soil N and K availability declined with distance from either the 
Larrea canopy or soil mounds of burned Larrea into the open microhabitats (Table 1, Fig. 3). 
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Neither burning nor microhabitat had a significant effect on P availability (Table 1). Fire and 
microhabitat had significant effects on Mg and Ca (Table 1), but only in the OF microhabitat 
we observed higher availability of these nutrients associated with burned Larrea mounds 
compared to the unburned shrubs (Fig. 3). Neither burning nor microhabitat significantly 
affected soil S (Fig. 3). 
Seven years after fire, soil N availability was significantly lower on burned than 
unburned Larrea soil mounds (the UC microhabitat), but there was no effect of fire further 
away from the shrub mound in the OF microhabitat (Table 1, Fig. 4). Soil K availability was 
significantly lower in burned sites in both the UC and OF microhabitats (Fig. 4). There was 
no effect of fire on P availability in either microhabitat (Table 1). Soil Mg availability was 
significantly higher in both the UC and OF microhabitats associated with burned, compared to 
unburned Larrea (Table 1). We found a significant interaction between fire and microhabitat 
for soil Ca availability, with higher levels of Ca on burned mounds (i.e., UC microhabitat) and 
in the open inter-shrub areas (i.e., OF microhabitat) associated with unburned Larrea (Table 
1, Fig. 4). Availability of S was significantly lower in both the UC and OF microhabitats 
associated with burned, dead Larrea compared to unburned Larrea (Table 1). 
 
Discussion 
Fire affected the availability of soil nutrients at the temporal and the spatial scales 
examined in this study. Overall, seven months after fire, availability of N, K, Mg and Ca was 
higher around burned Larrea. In contrast, seven years after fire, availability of N, K and S 
was lower on soil mounds associated with Larrea killed by a wildfire. Similar to other studies 
(Titus et al. 2002, Mudrak et al. 2014), we found a consistent spatial pattern of nutrient 
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availability, regardless of whether Larrea were alive or had been killed by fire, with higher 
concentrations of N, K and S in the under-canopy microhabitat than in the open areas among 
shrubs. These results reinforce the interplay that may act between shrub development and fire 
in affecting soil nutrient availability and distribution over time (Wilson and Thompson 2005). 
Although we conducted our study in only one area and limited our investigation to two 
temporal scales (i.e., 7 months and 7 years after fire), the study area is representative of the 
Larrea tridentata-dominated region of the Mojave Desert, with similar physical characteristics 
between the burned and unburned sites (A. Fuentes-Ramirez, unpublished data). The 2005 
wildfire was the last fire occurring within our study area, and was likely fueled by high 
biomass production after increased precipitation rates. While differences in fire intensity 
between wildfires and experimental burns can occur (e.g., soil surface temperature, Gimeno-
Garcia et al. 2007), 54% and 44% of Larrea in our study sites survived wildfire and the 
experimental burns, respectively. This suggests that Larrea resprouting rates were similar 
between the wildfire affected area and our experimentally burned site.  Furthermore, in our 
experimentally burned site, we selected shrubs that showed no sign of resprouting 7 months 
after fire at the time we conducted soil sampling. 
Our hypothesis that soil nutrients increase over the short-term after fire was partially 
supported, as higher concentrations of N, K, Mg, and Ca were found around burned Larrea 
shrubs. The increase in soil N ( measured as NH4+ and NO3-) availability 7 months after fire 
was likely due to both increased N mineralization and oxidation of organic soil nitrogen 
exposed to elevated temperatures during fire (Mroz et al. 1980, Knoepp and Swank 1993). 
Although usually overlooked (Choromanska and DeLuca 2002), N originating from burned 
plants may also contribute to a higher amount of nitrogen after fire, especially in the first year 
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after fire (Diaz-Ravina et al. 1996). Higher K availability after fire is more likely due to a high 
concentration of K in ash from the burned vegetation and litter (Debano and Conrad 1978, 
Carreira and Niell 1995). The post-fire increase in N and K also varied in its spatial 
distribution, as hypothesized and similar to other studies (Esque et al. 2010), with larger 
increases under Larrea canopies (UC microhabitat) than in the open inter-shrub areas. 
Although availability of Mg and Ca was greater under the Larrea canopy than in the open 
inter-shrub areas (overall), fire significantly increased these nutrients only in the OF 
microhabitat. The pattern for this change is not clear, but it may be due to the movement of 
ash by water and wind toward open areas after the Larrea shrubs were removed by fire 
(Raison 1979, Carreira and Niell 1995). 
While these results may suggest a temporal enhancement of the fertility island effect 
(especially for N and K) over the first 7 months after fire, the patterns of these changes may 
vary with time after fire (DeBano et al. 1998). Generally, the increase of soil nutrients persists 
over several months and then declines to the pre-fire level one or two years after fire (Adams 
et al. 1994, Wan et al. 2001, Schafer and Mack 2010). In fact, the short-term increases in N 
and K availability after fire within our study area did not persist over the long term. 
Our hypothesis that soil nutrients become more evenly distributed over the long-term 
after shrub removal by fire was partially supported as the availabilities in N and K were lower 
in the microhabitats associated with burned Larrea than in the microhabitats associated with 
living Larrea shrubs. After shrubs are killed by fire, wind and water are likely to erode soil 
from the remaining mounds with lower densities of annual plants, resulting in a decrease in 
nutrient availability over time. Furthermore, microbial activity may decline after shrub 
removal due to decreased inputs of plant-derived organic matter (Ewing et al. 2007), a process 
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that is further enhanced due to loss of canopy shading, which can lead to reduced soil water 
availability (Holzapfel and Mahall 1999). Although, surprisingly, the fertility island effect 
associated with Larrea was still present 7 years after wildfire, the effect was much smaller, 
which emphasizes the key role of Larrea in maintaining crucial ecological processes in arid 
environments. This phenomenon has also been observed in mesquite-dominated desert 
grasslands (in SW Arizona), where differences in soil N content between under-canopy and 
open microhabitats become smaller within burned areas (Wilson and Thompson 2005). 
Magnesium was the only nutrient that had higher concentrations around burned shrubs 7 years 
after fire in both microhabitats; the reason for this pattern is not clear, however, because 
persistence of ash should also contribute to higher concentrations of K and Ca. 
Even though the positive effects on desert soils characteristically associated with 
Larrea (Schade and Hobbie 2005, Ravi and D'Odorico 2009) may persist after the shrub is 
killed by fire, our study indicates that this effect becomes weaker over time. Considering that 
Larrea has low post-fire resprouting (3-44%) and low reproductive success (Abella 2009), it 
is unlikely that Larrea will recover quickly after fire. If post-fire levels of nutrients (i.e., N 
and K) in the soil become more evenly distributed between the fertility islands associated with 
fire-killed shrubs and the inter-shrub areas, this may result in alterations of the annual plant 
community associated with fertility islands. In fact, exotic grasses (e.g., Bromus spp. and 
Schismus spp.) have been shown to have enhanced competitive abilities relative to native 
annuals in acquiring scarce soil nutrients, which allows them to establish across large burned 
areas (Brooks 2000), such as our wildfire study site. Post-fire increases in cover of exotic 
invasive grasses can promote even more frequent and intense wildfires, posing higher fire 
risks in the future (Brooks et al. 2004, Olsson et al. 2012). 
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In summary, although higher post-fire availability of N and K may be beneficial for 
plant growth over the short-term, fire may have long-term negative effects. When fire kills 
Larrea shrubs, which are key components of the Mojave Desert, fire may alter soil nutrients 
by facilitating the degradation of fertility islands over time. This is likely to have cascading 
effects on the diversity and density of the native and exotic annual plant communities, as 
heterogeneous landscapes with Larrea fertility islands may become more uniform landscapes 
dominated by exotic invasive grasses. 
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Table 1 Summary of ANOVA analyses of the short (7 months post fire) and long (7 years post fire) term effects of fire and microhabitat 
(Under canopy (UC), Open near shrub (ON), and Open far from shrub (OF) 7 months after fire; UC and OF 7 years after fire) and their 
interaction on soil N, K, P, Mg, Ca, and S. Significant effects (at α<0.05) are shown in bold type. D.F. = degree of freedoms. 
 
   Nitrogen         (N) 
Potassium      
(K) 
Phosphorus    
(P) 
Magnesium 
(Mg) 
Calcium       
(Ca) 
Sulfur              
(S) 
Time 
after fire Effect D.F. F P F P F P F P F P F P 
7 
months 
Fire 1,42 8.87 0.005 11.80 0.001 0.01 0.935 5.43 0.025 4.18 0.047 0.63 0.432 
Microhabitat 2,42 7.23 0.002 26.01 <0.001 0.46 0.632 8.11 0.001 8.46 0.001 0.65 0.527 
Fire x Microhabitat 2,42 1.76 0.184 0.01 0.994 0.34 0.712 1.83 0.173 2.59 0.086 0.14 0.865 
7    
years 
Fire 1,84 7.61 0.007 35.77 <0.001 0.11 0.739 10.64 0.002 0.01 0.973 80.88 <0.001 
Microhabitat 1,84 51.68 <0.001 64.05 <0.001 0.40 0.528 0.01 0.921 5.74 0.019 36.98 <0.001 
Fire x Microhabitat 1,84 10.71 0.001 7.13 0.009 1.57 0.213 0.03 0.862 4.43 0.038 0.37 0.544 
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Figure 1 Map of the study area in the Mojave Desert (gray-shaded area) that depicts the 
locations of the experimentally burned (circle) and wildfire affected (triangle) study sites. The 
wildfire-affected area is detailed in the aerial image with the fire boundary noted as a dashed 
line and the two sampling plots outlined by black rectangles. Note that the aerial image in not 
scaled to the shaded box in the US map 
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Figure 2 Diagram of the soil sampling design in sites sampled (a) 7 months and (b) 7 years 
after fire. UC = under canopy microhabitat, ON = open near shrub microhabitat, and OF = 
open far from shrub microhabitat. Vertical black and gray bars represent the cation and anion 
PRS-probes used for sampling, respectively 
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Figure 3 Mean (±SE)  nitrogen (N), potassium (K), phosphorus (P), magnesium (Mg), 
calcium (Ca), and sulfur (S) availability (expressed as µg nutrient/10 cm2/day-1) in the under 
canopy (UC), open near shrub (ON), and open far from shrub (OF) microhabitats around 
burned (black triangles) and unburned (white triangles)  Larrea shrubs 7 months after fire.  
Significant effects of fire on nutrient availability within microhabitat are indicated by * for P 
< 0.05 and *** for P < 0.001 
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Fig. 4 Mean (±SE)  nitrogen (N), potassium (K), phosphorus (P), magnesium (Mg), calcium 
(Ca), and sulfur (S) availability (expressed as µg nutrient/10 cm2/day-1) in the under canopy 
(UC) and open far from shrub (OF) microhabitats around burned (black triangles) and 
unburned (white triangles) Larrea shrubs 7 years after fire. Significant effects of fire on 
nutrient availability within microhabitat are indicated by * for P < 0.05 and *** for P < 0.001 
68 
 
 
CHAPTER 4: ASSESSING FLAMMABILITY OF DESERT PLANT SPECIES AND 
ITS RELATIONSHIP WITH NOVEL PLANT-FIRE DYNAMICS IN 
THE SOUTHWESTERN USA. 
A paper to be submitted to an International Journal 
 
Andres Fuentes-Ramirez, Joseph W. Veldman, Claus Holzapfel and Kirk A. Moloney 
 
Summary 
In fire-prone ecosystems, adaptations to fire and flammability characteristics are key 
factors for successful establishment of plants. Southwestern US deserts (Sonora and Mojave), 
however, have been historically poorly adapted to fire. Nevertheless, wildfires have recently 
become more prevalent, potentially producing novel plant-fire dynamics. Flammability traits 
in plants enhancing fire spread may include the retention of dead branches and the 
accumulation of fine fuels from plant litter. In the Mojave and Sonoran deserts, however, 
plant-fire dynamics and flammability of plan species are still unresolved. By conducting burn 
experiments, we assessed flammability of both L. tridentata shrubs and associated native and 
invasive annual species. We investigated the temperature at which Larrea ignited and the 
temperature released from combustion. We then evaluated the effect of moisture level on 
ignition and released temperatures. Lastly, we assessed flammability of two invasive grasses: 
Bromus sp. and Schismus sp. and two native species: Ambrosia sp. and Amsinckia sp. We 
found that flammability of Larrea branches varied in response to size (i.e., diameter) and 
living status (dead vs. living branches). Water content in Larrea branches affected ignition 
temperature, ignition time, and combustion time. From the plant litter experiments we found 
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that flammability greatly differed between native and exotic species, with the natives being 
able to sufficiently ignite thicker branches from Larrea shrubs, whereas exotic species appear 
to not burn hot enough to ignite Larrea branches. We proposed a conceptual fire model, in 
which native species may act as “igniters” of thicker fuel due to slow flame spread, longer 
combustion, and production of higher temperatures, whereas exotic grasses would be 
“spreaders” of fire because of faster flame spread, shorter combustion time, and cooler 
temperatures. These findings provide insights for further research about fire modeling within 
desert ecosystems that will lead us into better predictions at broader spatial scales, and with 
broader ecological scope. 
 
Introduction 
A major challenge in the field of plant ecology is to understand how species’ attributes 
may influence their distribution and determine community structure (Lavorel and Garnier 
2002; McIntyre et al. 1999; Sultan 2000). In fire-prone ecosystems for example, adaptation to 
fire and flammability characteristics of plants have been identified as key factors explaining 
distributions. Indeed, flammability has been defined as a biological characteristic that 
selection can act upon (Pausas and Moreira 2012). The flammability selection hypothesis 
argues that the successful adaptation of species to high-fire-regime environments will result in 
increased fitness, compared to those less fire-habituated species (Bond and Midgley 1995; 
Schwilk 2003). However, a fierce debate has emerged regarding the flammability selection 
hypothesis (Keeley et al. 2011; Mutch 1970; Rundel 1981) and its applicability to plant 
species that inhabit fire-prone ecosystems (Troumbis and Trabaud 1989). While there is still 
uncertainty regarding the role of flammability on plant-fire dynamics in fire-adapted 
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ecosystems, several studies have been conducted to evaluate flammability of forest species 
(Dimitrakopoulos and Papaioannou 2001; Valette 1990), as well as assessing the effects of 
water content and the type of plant tissue on flammability (Alessio et al. 2008; De Lillis et al. 
2009). In general, these studies show that flammability is reduced with high moisture content, 
and it would be different for dead tissues vs. fresh plant material. Additionally, Murray (2013) 
found distinct flammability responses between native species and invasive species. 
A wide variety of approaches have been applied to flammability studies, including 
genetics and evolution (Moreira et al. 2014; Schwilk and Ackerly 2001; Schwilk and Kerr 
2002), field experiments (Jaureguiberry et al. 2011), and modeling (Paritsis et al. 2013). 
Although it has been argued that flammability experiments offer limited insight into 
vegetation-fire interactions (Fernandes and Cruz 2012), they are still quite useful in providing 
basic information to gain better understanding of fire dynamics, particularly in those 
environments previously less prone to fire, such as deserts. 
Historically, American southwestern deserts (e.g., the Sonora and Mojave) have been 
poorly adapted to fire, with low fire frequency and severity. Indeed, desert shrubs, such as the 
creosote bush Larrea tridentata (DC.) Cov. (hereafter referred to as Larrea), which is one the 
dominant perennial shrub within the lowlands in these two deserts, has low rates of post-fire 
resprouting and reproduction (ca. 3-30%), suggesting no direct benefit of fire on fitness 
(Abella 2009). Moreover, burned areas in the Mojave Desert have shown decreased plant 
diversity over time after fires (Engel and Abella 2011). In contrast, species that occupy 
habitats that experience regular wildfires exhibit adaptive responses to fire that enhance their 
reproductive success (e.g., serotiny in pines, Schwilk and Davis 2001). Although fire is an 
uncommon disturbance in desert ecosystems, wildfires have become more frequent and severe 
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within the southwestern American deserts over the past several decades. This change of fire 
regimens mainly occurs due to increased fuel loads produced by exotic invasive grasses and 
forbs that were introduced in the early 1900’s (Brooks et al. 2004), which now cover vast 
areas within the Sonoran and Mojave deserts. This phenomenon has resulted in several major 
impacts, such as changes in the spatial distribution of Larrea shrubs at larger scales and 
changes in soil nutrient availability (A. Fuentes-Ramirez, thesis chapter 2 and 3.). To date, 
little attention has been paid to date in the flammability characteristics of plant species from 
warm deserts and their potential contribution to fire spread. 
It has been hypothesized that flammability-enhancing traits have evolved to maintain 
fire-prone ecosystems (Mutch 1970). This is of particular interest because the southwestern 
American deserts might be experiencing a novel dynamic in which fire is becoming more 
prevalent (Brooks 2012). Although we may expect that desert plant species exhibit some trait 
adaptations in response to fire, this issue remains unresolved. Some of the traits that have 
been proposed to be related to fire-habituated environments (flammability-enhancing traits) 
are the retention of dead branches, and the accumulation of fine fuels at the base of plant 
stems (Schwilk 2003). Interestingly, Larrea shrubs meet these two criteria, with higher 
amounts of biomass (especially from native annuals) produced underneath the shrub canopies 
and dead branches being retained at the bottom of the shrub (especially for older shrubs, 
which may potentially increase the likelihood of ignition of the entire individual; A. Fuentes-
Ramirez, pers. observation). Additionally, recent invasion by exotic grasses (e.g., Bromus sp. 
and Schismus sp.) has provided sufficient connectivity of fuel through the inter-shrub areas, 
which now are able to carry fire more efficiently (Brooks et al. 2004). This is particularly true 
when the preceding wet season has been significantly above average, so the amount of 
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productivity and fine fuels are greatly increased (Brooks et al. 2004; Brown and Minnich 
1986). 
The interplay we attempt to disentangle in this research, by assessing flammability of 
desert plant species, is to determine the role of invasive exotic grasses in spreading fire, and 
the ability of native species to ignite Larrea shrubs. Let’s assume, for instance, that a fire was 
already triggered, and there is enough fuel continuity provided by invasive grasses to carry 
fire through the inter-shrub areas, and the fire has already spread into the understory beneath a 
Larrea shrub. By conducting burn experiments, we can evaluate in detail the flammability 
characteristics associated with both the Larrea shrubs and the plant litter underneath the 
canopy (i.e., native species) and in the inter-shrub areas (i.e., invasive grasses), and their 
relationship with novel plant-fire interactions within desert ecosystems. For the purposes of 
this research, we refer to flammability as being the ability of a certain fuel to ignite and 
sustain ﬁre (Anderson 1970), with features related to the ignition including combustibility and 
length of exposure to flames (see the methods section for further details). 
In this study we assessed flammability characteristics of both the perennial shrub 
Larrea tridentata and plant litter species that grow underneath the shrub canopy and in the 
open inter-shrub areas. We divided our study into three major components designed to answer 
the following questions: 1) What is the temperature needed for Larrea to ignite and what is 
the temperature released from the combustion of Larrea?, 2) What is the role of moisture 
(e.g., water content) in affecting flammability of Larrea? These two questions will provide 
basic knowledge regarding the amount of heat and tme that is needed to ignite Larrea and the 
heat release from its actual burning, given variability in moisture content, size, and living 
status (i.e., dead vs. living) of branches. 
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Additionally, we asked: 3)What is the role of plant litter (from both native and invasive 
species) in spreading fire and igniting Larrea shrubs? Answering this question will help us to 
determine the role of plant litter (as standing dead plant material) for fire spread within the 
inter-shrub areas and for igniting larger fuel sizes underneath Larrea’s canopy. 
Using Larrea tridentata shrublands as a model system will aide in improving our 
understanding regarding novel fire-plant dynamics within southwestern American deserts, as 
well as providing a base of knowledge for further research. It will also aid in the development 
of more accurate fire models applied to arid environments. 
 
Materials and Methods 
Study system 
Our study system consisted of lowlands (e.g., bajadas) in the Sonoran and Mojave 
deserts of the southwestern US, which are areas dominated by the perennial shrub Larrea 
tridentata (DC.) Cov (Schafer et al. 2012). Scattered cacti, such as the Saguaro (Carnegiea 
gigantea Britton & Rose) and chollas (e.g., Cylindropuntia bigelovii F.M. Knuth) are also 
common in the Sonoran Desert landscape. Other small perennial shrubs include the Burrobush 
(Ambrosia dumosa (A. Gray) Payne), which is commonly seen growing nearby Larrea 
(especially in the Mojave). The Mojave Desert landscape is also characterized by scattered 
populations of Joshua tree (Yucca brevifolia Engelm.) and the Cottontop barrel cactus 
(Echinocactus polycephalus Engelm. & Bigelow). Annual species are represented by native 
forbs, including the winter annuals Amsinckia sp., Phacelia sp., and Pectocarya sp., which 
tend to grow in association with Larrea shrubs, underneath the canopy, and exotic invasive 
species such as Erodium ciccutarium L. and Brassica tournefortii Gouan. (Sahara mustard). 
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Other important invasive grasses are Schismus sp. and Bromus sp., which can establish in the 
open inter-shrub areas, as well as below shrub canopies. These two latter species have been 
shown to positively interact with fire, providing a continuous fuel layer to carry fire through 
the landscape, promoting greater wildfire outbreaks (Brooks et al. 2004). 
 
Burn trials 
Burn experiments designed to examine the characteristics of several species that might 
influence fire spread were carried out under controlled laboratory conditions in the 
Department of Physics at Iowa State University. We performed three sets of burn 
experiments: the first set was aimed at assessing the temperature and time needed for Larrea 
branches to ignite (i.e., ignition temperature in degrees Celsius, °C). We also determined the 
temperature release from combustion, relative to the size (diameter in mm) of the sample. The 
latter information was collected to provide an understanding of the conditions that would be 
required for fire to spread within a shrub. The second experiment was aimed at investigating 
the influence of moisture levels (e.g., water content) on the ignition characteristics of Larrea, 
as well as the burn temperatures produced. The third set of experiments was aimed at 
determining the role of plant litter (e.g., annual plant species) in spreading fire to and igniting 
Larrea shrubs.  
 
Experiment 1: Ignition of Larrea branches 
For the first two sets of experiments, we collected living and dead Larrea branches 
from the field in the Mojave and Sonoran deserts, at Fort Irwin, CA and Gila Bend, AZ in 
January and February of 2014. Samples were stored in paper bags at room temperature (ca. 23 
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°C and 26% relative humidity, RH) in the lab. In the first experiment we burned 80 Larrea 
branches ranging from 1.7 - 26.3 gr in weight and 4.1 to 21.4 mm in diameter, with a 
standardized length of 14 cm for all samples. This range of sizes encompasses all the range of 
sizes that would normally be found within a living shrub. The common structure of Larrea in 
the field is that it often presents a portion of dead branches located at the bottom of the shrub, 
and a living portion in the upper level of the shrub. This may have implications for the 
ignition and spread of fire within the shrub. To evaluate the effect of the type of tissue (i.e., 
living vs. dead branches) we conducted separate experiments for each type of living status 
(e.g., 40 trials per living status; this is 40 x 2 = 80 trials in total). 
To conduct the burn trials, we built a burning device consisting of a tripod with a 
platform composed of metal mesh at the top, on which we laid the Larrea samples (Fig. 1a). 
A Bunsen burner was placed under the tripod, and the flame was set at ~5 cm below the 
Larrea sample. This setup was used throughout the entire set of experiments. We used two 
type K mineral insulated thermocouples (DTC thermocouples, 1 mm sensor, -40 to 1,000 °C 
operating temperature, 0.1 degree accuracy) to record the temperature at which Larrea was 
ignited, and the temperature that was produced from its combustion. To record the ignition 
temperature, we placed the first thermocouple in contact with the Larrea twig surface (facing 
the side exposed to the burner). The temperature released from the combustion was recorded 
with a second thermocouple placed at 5 cm above the sample being burned. The two 
thermocouples were connected to a data logger (model Reed SD-947), which recorded the 
temperature variation throughout the burning process at one-second intervals. We set a timer 
at the beginning of each trial (when the burner was lit) and recorded the time at which the 
Larrea branch ignited and the time when its combustion ended. For the purpose of this study, 
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we defined the combustion stage as the time period during which there was visible flame 
coming from the twig. The room temperature and relative humidity while these experiments 
were carried out were 21.3 °C and 9.1% RH, respectively (Kestrel 3000 weather meter). The 
trials were conducted from January 28 to February 10, 2014, with 5 to10 trials from random 
diameter and living status were done in each day. 
 
Experiment 2: Larrea fuel moisture, ignition and heat release 
The second set of experiments was designed to investigate the influence of moisture 
level (e.g., water content) in affecting flammability of Larrea with respect to several 
characteristics: ignitability and temperature release of Larrea branches, as well as ignition and 
combustion times. Similar to the first experiment, we tested Larrea branches ranging from 1.8 
to 23.5 gr in weight and 3.8 to 12.4 mm in diameter, with a standardized length of 14 cm for 
all samples. Before conducting the second set of experiments, all samples were oven-dried at 
70 °C for 120 hours to draw down the water content of the Larrea branches to as low a value 
as possible. Subsequent to drying, each Larrea sample was weighed to record the dry weight, 
and then placed into water for 72 hours. After this, we collected the samples and recorded the 
wet weight of each branch every 30 minutes. By tracking the sample’s weight we ensured that 
we would obtain the water content we required for each sample, encompassing a moisture 
gradient that represents an increase of weight of <5%, 5-10%, 10-20%, 20-30% to >30%, 
relative to dry weight. This moisture gradient included the lowest and highest amount of water 
that Larrea branches can hold, and was calculated as: 
100 * [(Wet weight – Dry weight) / Dry weight] 
Each increment of weight represented a moisture class (e.g., 1, 2, 3, 4, and 5, respectively).  
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We conducted a total of 50 burning trials for the 5 classes of moisture described above 
(i.e., 10 trials per each moisture class for 10 x 5 = 50 trials in total). Once the samples met the 
moisture requirement for each moisture class, they were packed in plastic bags to proceed 
with a burning experiment on the same day. The burning procedures (device and methods) 
were the same as described above in the first experiment. The room temperature and relative 
humidity when the second experiment was carried out were 21.8 °C and 24.7% RH, 
respectively (Kestrel 3000 weather meter). This set of experiments was conducted from April 
15 to April 23, 2014 and10 trials were done each day from one moisture class randomly 
selected. 
 
Experiment 3: flammability of plant litter 
The third set of experiments was aimed at investigating the role of plant litter in 
spreading fire to and igniting Larrea shrubs. We tested three annual plant species collected 
from the Mojave and Sonoran deserts (at Fort Irwin, CA and Gila Bend, AZ, respectively) in 
January and February of 2014 that could act as a fuel layer: the native forb Amsinckia sp., and 
the exotic grasses Schismus sp. and Bromus sp. Amsinckia sp. is one of the most abundant 
native annual species that abundantly grows underneath the Larrea canopy, whereas Schismus 
is a widespread invasive grass that grows in the open inter-shrub areas, providing connectivity 
among the scattered shrubs. The invasive grass Bromus generally grows underneath the shrub 
canopies, although it also can be observed growing towards the open inter-shrubs areas, 
especially in moister and cooler conditions. We also tested the small native shrub Ambrosia, 
which co-occurs with Larrea (especially in the Mojave Desert), as it has often been observed 
growing underneath and close to Larrea canopies (A. Fuentes-Ramirez, pers. observation). It 
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is thought that these species may play a key role in both spreading fire to and igniting Larrea 
shrubs (Brooks and Matchett 2006), where the invasive grasses would spread fire into native 
species underneath the Larrea canopy, and the native species would potentially ignite the 
shrub.  
To conduct these trials, we collected dried samples (as standing dead plant material 
from the field) from each of the species described above. Samples were carefully handled and 
stored to avoid damage and to preserve their natural structure as much as possible. 
Additionally, we collected seeds of the annual species to grow in the greenhouse in order to 
have more plant material available for burning. We used different ranges of biomass loads for 
each species: Amsinckia 11 to 58 g, Bromus and Schismus 4 to 24 g, and Ambrosia 24 to 86 g. 
The setting of biomass ranges for each species followed 3 criteria: i) the minimum amount of 
litter able to ignite and sustain fire, which was determined by previous pilot experiments, ii) 
the maximum amount of litter contained within the metal tray, which roughly represents the 
amount of plant biomass produced in a wet year within a 20 x 20 cm quadrat in our study 
areas (A. Fuentes-Ramirez, pers. observation), and iii) biomass levels low enough to prevent 
large fires from occurring beyond the laboratory safety conditions (although we kept a fire 
extinguisher and a bucket of water within reach at all times). Each plant litter sample was 
weighed and evenly distributed across the metal tray, and then ignited at the center of the tray. 
We conducted 30 trials for each species, totaling 120 burn trials for this experiment. 
For the third set of experiments we built a slightly different burning device (following 
a modified design by Ganteaume et al. 2011, see Fig. 1b). This device consisted of a round 
metal tray (25 cm in diameter by 3 cm in edge height) mounted over a concrete block. At the 
bottom of the tray we placed a lining of cement fiber (HardieBacker, 1.25 cm thickness) to 
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avoid overheating from the base of the tray. Four type K thermocouples (as described above) 
were mounted over the tray at 1, 2, 5, and 10 cm in height. These heights represent the 
distance range varying from soil surface to the beginning of the branching of Larrea shrubs, 
where they are most likely to catch fire. The four thermocouples were connected to a data 
logger (as described above) to record temperature variation throughout the burning time at 
one-second intervals. Additionally, a metal ruler was placed behind the burning device to 
evaluate the height of the flame. Before burning, we measured the initial weight of each 
sample (grams of dry biomass, i.e., initial weight), and at the end of each burning trial we 
measured the weight of the unconsumed litter (i.e., final weight). To ensure that the ignition 
of the litter samples occurred under the same conditions, we used a standard ignition source 
consisting of a long-necked butane lighter that ignited the litter sample in the center of the 
tray (modified from Ganteaume et al. 2011). 
The four flammability variables we measured during each burning trial were: 1) flame 
spread (FLSP, in seconds) as the time when the outer border of the tray was reached by 
flames, 2) sustainability (SUST, in minutes) as the time until the actual burning stopped, 3) 
flame height (FLHT, in cm) as a visual assessment of the maximum flame height, and 4) 
maximum temperature (in °C). The latter was the maximum temperature reached by each of 
the four thermocouples placed at different heights above the litter sample (i.e., TEMP1, 
TEMP2, TEMP5, and TEMP10). Stopwatches were used to measure the time for the flame to 
reach the edge of the metal tray (FLSP), and the time until flames were extinguished (SUST). 
Additionally, we measured another indirect variable associated with each burning trial: 
consumability (CONS) as the percentage of mass loss at the end of each burning trial, 
calculated as: 
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100 * [1 – (final weight / initial weight)] 
 
Each burning trial was video recorded to allow for a more correct estimation of the 
maximum flame height (FLHT variable) after the actual burn. For the statistical analysis we 
only considered those trials that met our four flammability criteria (e.g., samples that failed to 
ignite were not considered). The room temperature and relative humidity while the 
experiments were carried out were 22.4 °C and 52.1%, respectively (Kestrel 3000 weather 
meter). The trials were conducted from June 13 to July 30, 2014, and 8 to 14 trials from a 
random type of species and initial weight were done in each day. 
 
Data analysis 
For the first set of experiments we used multiple regression analyses with separate 
models for each of the response variables of ignition temperature (°C), released temperature 
(°C), time to ignition (min.), combustion time (min.) The explanatory variables used in the 
models consisted of the continuous variable of diameter (mm) and the categorical variable of 
living status (i.e., dead or living branches). We used the variable diameter as a reasonable 
proxy for size of branch, as we found a significant correlation between the weight and the 
squared diameter of the sample (Spearman correlation=0.96 and P<0.001). 
In the second set of experiments we were interested in looking further at the effect of 
water content on flammability of Larrea. We conducted multiple regression analyses with 
separate models for ignition temperature, released temperature, time to ignition, and 
combustion time, using water content (in g), and diameter of the Larrea branch as continuous 
explanatory variables. As in the first experiment, we used the diameter variable as a proxy for 
81 
 
 
the size of the branch, as we also found a significant correlation between the weight and the 
squared diameter of the sample (Spearman correlation=0.94 and P<0.001). 
For the third set of experiments we tested the relationship between weight of plant 
litter (i.e., grams of initial dry biomass) and the flammability responses of flame spread 
(FLSP), sustainability (SUST), flame height (FLHT), consumability (CONS), and maximum 
temperature reached at 1, 2, 5, and 10 cm above the sample (TEMP1, TEMP2, TEMP5, and 
TEMP10) for the four study species (i.e., Amsinckia, Ambrosia, Bromus and Schismus). We 
used multiple regression analyses with separate models for each of the flammability 
responses, using the continuous variable of initial weight (i.e., grams of dry biomass) and the 
categorical variable of type of species as the explanatory variables. We also conducted 
ANOVA’s to test the main effect of species on the mean value for each flammability response 
variable, followed by Tukey’s tests to determine differences in mean FLSP, SUST, FLHT, 
CONS, TEMP1, TEMP2, TEMP5, and TEMP10 among the four species. The statistical 
analyses were performed in R 3.1.1 (R Core Team 2008), and for all analyses we set the 
significance level at α=0.05. 
 
Model selection 
For the regression analyses in the three sets of experiments, and based on preliminary 
visual assessment of the data, we explored both linear and non-linear models (e.g., quadratic 
curve) to fit our data. For each response variable we started by testing a full quadratic model 
with all interactions, and then eliminated the non-significant parameters using a variant of 
stepwise backwards model selection. At each step in the selection procedure, we evaluated the 
model structure, and assessed significance of parameters. At the end of these steps, we 
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selected two candidate models that had the two highest adjusted R2 values (i.e., highest 
variance explanation) and the two lowest AIC values (Akaike’s Information Criteria, 
Burnham and Anderson 2004). Final candidate models also satisfied the requirement of 
having normally distributed residuals, and we performed ANOVA to assess significance 
between them. If no significant differences were found between the two models, we chose the 
one with fewer parameters as the best fitting model. 
 
Results 
From the model selection procedures we found that for the first experiment, linear 
models were the best fit for ignition temperature and combustion time, whereas for released 
temperature and ignition time we used quadratic models. For the second experiment we found 
that linear models were the best fit for ignition temperature, released temperature, and 
combustion time, whereas for ignition time we used a quadratic model. For the third 
experiment we found that linear models were the best fit for FLSP and SUST, whereas for 
FLHT and CONS we used quadratic models. We also used quadratic models as the best fit for 
the maximum temperature produced at 1, 2, 5, and 10 cm above the litter sample (i.e., TEMP1, 
TEMP2, TEMP5, and TEMP10) in the third experiment. 
 
Experiment 1: Ignition of Larrea branches 
In the first set of experiments we investigated the effect of diameter and living status 
(i.e., living vs. dead branches) of branches on the ignition temperature, released temperature, 
ignition time and combustion time of Larrea tridentata branches. We found that the diameter 
of the Larrea branch was not correlated with ignition temperature (P=0.21, Fig. 2a), but we 
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observed a significant main effect of living status (i.e., living vs. dead branches; F1,77=54.67, 
P<0.001), with a multiple R2=0.45. Overall, living branches needed a hotter temperature to 
ignite as compared to dead branches (∆ temperature = 153.3 °C). No interaction between 
diameter and living status was observed. These findings suggest that regardless of size, dead 
Larrea branches, located at the base of the shrub, will need lower temperatures to ignite 
compared to living branches in the upper portion of the shrub (see Table 1).  
Regarding temperature release from Larrea combustion, we found that it was positively 
correlated with the diameter of the branch (P<0.014, Fig. 2b), with a significant main effect of 
living status (F1,72=12.48, P<0.001), and a multiple R2=0.28. Overall, dead Larrea branches 
yielded hotter temperatures compared to living branches (799.6 vs. 668.8 °C, P<0.001, Table 
1). This suggests that thicker Larrea branches will yield greater temperature from their 
combustion, and this will also depend upon their living condition (dead vs. living branches). 
These findings also revealed that the temperature release from the combustion of dead 
branches at the bottom of the shrub (mean = 799.6 °C) will likely ignite living branches in the 
upper section of the shrub (mean ignition temperature for living branches = 695.8 °C), 
potentially burning the entire individual.  
With respect to time to ignition, we observed a significant positive correlation between 
diameter of the Larrea sample and ignition time (P<0.001 with a multiple R2=0.33; Fig. 2c). 
Interestingly, no effects of living status or interactions were observed (all P values >0.05). 
This implies that thicker Larrea samples will need a longer time to ignite, regardless their 
living status (i.e., dead vs. alive; Table 1).  
Regarding combustion time (i.e., duration of fire), it was positively correlated with 
diameter of Larrea branches (P<0.001, Fig. 2d), with a significant effect of living status 
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(P<0.001 and multiple R2=0.79). Overall, combustion time of dead Larrea branches was 
longer than for living branches (2.9 vs. 1.1 minutes, P<0.001, Table 1). These findings also 
corroborate the high likelihood for living branches being ignited by dead branches located at 
the bottom of the shrub, as dead Larrea branches will last enough time (2.9 minutes on 
average) to enable the ignition of living branches (1.9 minutes on average) in the upper 
portion of the shrub.  
In summary, in the first set of experiments we found that the dead Larrea branches, 
located at the base of the shrub, will play a key role in spreading fire into the upper living 
section of the shrub. Indeed, dead branches produced fires that are hot enough and long 
enough to ignite the living branches, likely burning the entire shrub. 
 
Experiment 2: Larrea fuel moisture, ignition and heat release 
In the second set of experiments we investigated the effect of moisture level (as a 
gradient of water content within the sample) on the flammability characteristics of Larrea 
branches. Here we found a significant positive correlation between water content and ignition 
temperature (P<0.001, multiple R2=0.28, Fig. 3a), with no direct effect of size alone or in an 
interaction term. This finding suggests that regardless of their size, wetter samples will need 
hotter temperatures to ignite, which is likely explained due to the extra heat needed to 
evaporate the moisture prior to ignition. 
 
Temperature release, however, was negatively correlated with water content (P<0.001, 
Fig. 3b), and positively correlated with diameter of the sample (P<0.001 and multiple 
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R2=0.26). This suggests that the release of temperature will be lower the wetter and thinner 
the branch is. 
 Regarding time to ignition, we observed that it was positively correlated with water 
content (P<0.001), and with diameter (P=0.01) of the Larrea sample (P<0.01), with a multiple 
R2=0.82 (Fig. 3c). Combustion time (i.e., duration of fire) though, was negatively correlated 
with water content (P=0.023), with a significant effect of diameter (P<0.001 and multiple 
R2=0.38, Fig. 3d). These results tell us that the wetter the sample is the longer it is needed to 
ignite, but the shorter the combustion time will be.  This will also depend upon their diameter, 
as thicker Larrea branches will need more time to ignite, but will produce longer combustion 
times. 
 In summary, in the second experiment we found a large effect of water content on the 
flammability characteristics of Larrea branches. Overall, high water content delayed ignition, 
produced cooler fires, and shortened combustion times. Also, the wetter the branch was the 
higher the temperature they needed to trigger ignition.  
 
Experiment 3: flammability of plant litter 
In the third set of burn experiments we investigated flammability characteristics (i.e., 
flame spread FLSP, sustainability SUST, flame height FLHT, consumability CONS, and 
maximum temperature TEMP) of 2 common native species (Amsinckia and Ambrosia) and 
two invasive grasses (Bromus and Schismus) as a means of understanding their role in 
spreading fire to and igniting Larrea shrubs. We found that FLSP (in minutes) was positively 
correlated with initial weight (grams of dry biomass, P<0.001), with a significant main effect 
of species (P<0.001, multiple R2=0.83, Fig. 4a). Thus, FLSP was significantly higher for 
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Ambrosia compared to the other species (P<0.001, Table 2). Also, FLSP was significantly 
higher for Amsinckia compared to Bromus and Schismus, but was not significantly different 
between the latter two. These findings reveal that the rate of fire spread by the two native 
species to the outer edge of the tray was slow compared to Bromus and Schismus. The latter 
two species were the fastest at spreading fire, with a mean FLSP of 0.16 and 0.18 minutes, 
respectively (Table 2). Interestingly, the invasive grass Bromus was the only species that 
showed a significant positive correlation between FLSP and initial weight when data were 
analyzed separately for each species (P=0.013), suggesting that higher densities of this 
invasive grass will carry fire faster, potentially spreading fire into large areas. 
Similarly, SUST (in minutes), which is the ability of holding fire with visible flame, 
was positively correlated with initial weight (P<0.001, Fig. 4b), with a significant main effect 
of species (P<0.001, multiple R2=0.89). We found that Bromus had the lowest total 
combustion time (0.55 minutes), followed by Schismus and Amsinckia (0.8 and 1.9 minutes, 
respectively; Table 2). Ambrosia had the greatest combustion time (4.17 minutes). 
Comparisons of SUST among the species were all significant (P<0.001), except between 
Bromus and Schismus (Table 2). These results show that native species sustained fire for a 
longer time, compared with the exotic invasive grasses, suggesting their potential ability to 
ignite thicker fuels by producing longer exposure to flames. When we looked at the data for 
individual species, the invasive grasses were the only ones that showed a significant positive 
correlation between SUST and initial weight (all P values <0.001).  
With respect to FLHT (flame height, in cm), we found a significant positive 
correlation with initial weight (P<0.001, Fig. 4c), but no effect of species was observed 
(P=0.19 and multiple R2=0.6). There were no significant differences in FLHT among the 4 
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species (Table 2), suggesting that the 4 species will produce similar flame height, depending 
upon their initial weight. This may imply a similar potential for all the species of reaching 
thicker fuels in the upper levels, up to ca. 28 cm in height. Regression analyses conducted for 
each individual species revealed significant positive correlations between FLHT and initial 
weight for all species (all P values <0.001). 
Regarding the mass loss rate (CONS, which is the proportion of the initial weight 
consumed during combustion, in percentage), we found that it was positively correlated with 
initial weight (P<0.001, Fig. 4d), with a significant effect of species (P<0.001 and multiple 
R2=0.79). We observed that the highest CONS was for Ambrosia (83.3%), followed by 
Amsinckia (71.5%), Bromus (49.8%), and Schismus (34.8%). Differences in CONS among all 
the species were all statistically significant (P<0.001 for all comparisons, Table 2). 
Interestingly, we found a significant negative correlation between CONS and initial weight 
for Bromus (when we looked the data separately for each species). This may confer another 
important property to Bromus of being a fast spreader of fire, which at higher densities, seems 
to not consume its biomass in favor of carrying fire quickly. 
The last flammability variable we tested on plant litter was maximum released 
temperature at 1, 2, 5, and 10 cm above the litter sample (i.e., TEMP1, TEMP2, TEMP5, and 
TEMP10, respectively). We found that maximum temperature across all heights was positively 
correlated with initial weight (i.e., grams of dry biomass, P<0.001 for all heights), with a 
significant effect of species (P<0.01 for all heights). Hence, the small perennial shrub 
Ambrosia produced significantly higher temperatures across all heights compared to the rest 
of species (P<0.01, Fig. 5). The rest of the species (i.e., Amsinckia, Bromus, and Schismus) 
produced similar maximum temperatures at each height (Fig. 5), with no statistical differences 
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for TEMP1, TEMP2, TEMP5, and TEMP10 between species (P>0.05 for all comparisons, 
Table 2). These findings reveal that Ambrosia is potentially a more effective igniter of thicker 
fuels than the other species, which is also reinforced by its high SUST and low FLSP. 
Alternatively, exotic invasive grasses will not produce temperatures as hot as native species, 
and with low SUST, they would be much less likely to ignite thicker fuels. 
In summary, in the third experiment we found different flammability responses between 
native species and exotic invasive grasses. Overall, the native species Amsinckia and 
Ambrosia were slower in spreading fire through the metal tray, but produced quite hot fires 
that lasted enough time to eventually ignite thicker fuel at the base of Larrea shrubs. On the 
other hand, the invasive grasses Bromus and Schismus presented much faster fire spread 
properties, with shorter sustainability of fire, cooler temperature release, and lower 
consumption rates. 
 
Discussion 
Flammability characteristics of Larrea branches (experiment set 1) varied in response 
to the size (i.e., diameter) and living status (living vs. dead branches) of the branch. These 
findings are consistent with flammability characteristics of different types of vegetation that 
include distinct size classes and from dry vs. fresh plant material (Dimitrakopoulos and 
Papaioannou 2001; Ellair and Platt 2013; Martin and Sapsis 1991). Moisture level of Larrea 
samples was further investigated across a water content gradient (experiment set 2), where we 
found that wetter samples needed hotter temperatures and longer times to ignite. Also, 
temperature release was negatively correlated with water content, suggesting that hotter fires 
are produced from the combustion of Larrea branches with lower moisture level. From the 
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plant litter burns (experiment set 3), we found that flammability characteristics greatly 
differed between native species and exotic invasive grasses, similar to what Murray et al. 
(2013) found in a recent study, with native species producing hotter and longer fires and 
invasive grasses yielding cooler and shorter fires. 
Interestingly, our first set of experiments revealed that living Larrea branches needed 
hotter temperatures to ignite than dead branches. These temperatures would potentially be 
produced by burning dead branches located at the base of the shrub. This suggests that the 
presence of dead material at the base of the shrubs could increase the likelihood of ignition in 
the superior living portion of Larrea. Furthermore, dead branches kept the fire flame longer, 
meaning that the combustion of dead tissue from the bottom of the shrub would last enough 
time to enable the ignition of the living branches in the superior portion of the shrub, likely 
allowing the entire individual to burn. Although the accumulation of dead plant material has 
been associated with fire-habituated ecosystems (Bond and Midgley 1995), the role of 
Larrea’s dead branching pattern in fire spread is still not clear within the novel plant-fire 
dynamics in southwestern US deserts. 
In our second set of experiment we investigated the role of moisture level on 
flammability of Larrea. Overall, we found that Larrea branches needed higher temperatures 
and longer time to ignite as water content increased. Several studies have shown a similar 
pattern, where water content plays a key role in diminishing flammability of plants (Alessio et 
al. 2008; De Lillis et al. 2009; Trabaud 1976; Valette 1990). This finding is especially 
interesting, as relative humidity, which might affect water content within plant tissues, is one 
of the most important parameters associated with the occurrence of wildfire outbreaks in 
desert ecosystems (Oguntala 1989; Pitman et al. 2007; Reid et al. 2010; Trigo et al. 2006; 
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Wang et al. 2010). Moreover, as wildfires are more prevalent in the summer, and in the 
Sonoran Desert, water content within plant tissues is of great relevance because of the 
increased risk of ignition due to lighting strikes during summer thunderstorms (i.e., 
monsoons, Evett et al. 2008). Therefore, depending on the amount of rainfall produced by a 
given storm and absorbed by plant tissues, it may or may not result in the ignition of a fire, as 
drier Larrea branches will need lower ignition temperatures, compared to more humid 
branches. This implication, however, relies on the necessity of abundant fine fuels that 
sufficiently connects Larrea shrubs within the open inter-shrub matrix once the ignition takes 
place. Furthermore, thinner fuel derived from plant litter (from both exotic grasses and native 
annuals) must exhibit suitable flammability features in order to act as fire carriers. 
In the third set of experiments we investigated the flammability characteristics of plant 
litter that might be potentially related to the ignitability of Larrea shrubs. Overall, the exotic 
grasses Bromus and Schismus had quicker FLSP, shorter SUST, and lower CONS, compared 
to native species. Similar results were reported by Guijarro et al. (2002), who found the 
highest rate of flame spread for grasses, and suggested high flammability compared to non-
grass species. For Bromus and Schismus, having a high FLSP and low SUST implies the 
ability to spread fire through the inter-shrub areas, and therefore more efficiently connect fire 
with other fuel layers located under Larrea’s canopy. Additionally, these two exotic invasive 
grasses did not produce high enough temperatures, nor for a long enough time, making them 
unlikely sources for igniting thicker Larrea branches (Fig. 6a-6b). In contrast, native species 
such as the annual forb Amsinckia, which tends to establish below Larrea canopies, had lower 
FLSP but higher SUST, suggesting that this species is likely to burn long enough to ignite 
thicker fuels. More importantly, we tested flammability of the small perennial shrub 
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Ambrosia, which has been observed growing near Larrea or even under its canopy (especially 
in the Mojave Desert; A. Fuentes-Ramirez, pers. observation). We found that Ambrosia 
produced quite hot temperatures, reaching up to 837, 780, and 725 °C at 1, 2, and 5 cm above 
the litter sample, respectively, and all these temperatures lasted for over 4 minutes. This 
indicates that there would be enough time and temperature for Larrea branches (either living 
or dead branches, dried or humidified) to be ignited by the combustion of Ambrosia (Fig. 6a-
6b). 
Based on our findings, we propose a simple, yet useful classification of the plant 
species we studied in this research. We classified the plant litter as “spreaders” of fire or as 
“igniters” of thicker fuels. Hence, “spreaders” would present quicker flame spread (FLSP), 
lower combustion time (SUST), and low maximum temperatures. For these types of species, 
fire would move fast but would not produce hot temperatures. The species that fell into this 
category were the exotic grasses Bromus and Schismus. On the other hand, “igniters” would 
have slower FLSP, higher SUST, and would yield higher maximum temperatures. For these 
types of species, fire would move slowly but would produce quite hot temperatures capable of 
igniting thicker fuels (e.g., from Larrea branches). The species encompassing this category 
were the natives Amsinckia and Ambrosia, with the latter being a more efficient igniter than 
the former. Thus, coming back to our study system, and assuming that a given year was wet 
enough to produce above-average plant biomass, and in the light of the flammability findings 
we report in this study, we can now suggest the following potential fire scenario. If fire is 
triggered in the inter-shrub areas, then the invasive grasses Bromus and Schismus will be able 
to efficiently carry fire through the landscape and potentially ignite native annual species 
under the Larrea shrub canopy. Then, underneath the Larrea canopy, native species such as 
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Amsinckia and Ambrosia will likely hold a fire that is able to ignite the lower dead portion of 
Larrea. From there, fire may potentially spread into the upper living portion of the shrub, 
likely burning the entire individual (see fire spread model in Fig. 7). Furthermore, if more 
invasive grasses are established nearby Larrea, this will allow fire to spread into other shrubs 
and so forth, likely burning large areas. 
In summary, the findings presented in this study are helpful in providing insights for a 
better understanding of the potential role of plant flammability within novel plant-fire 
dynamics in desert ecosystems in the southwestern US (the Sonoran and Mojave). We clearly 
found different flammability characteristics between exotic invasive grasses and native 
annuals and shrubs, relative to the potential ignition of thicker fuel from Larrea shrubs. The 
classification of the plant litter that we propose (i.e., “spreaders” vs. “igniters”) serves as the 
basis for developing more complex fire models, and suggests the need for further research, 
including simulation modeling approaches that will lead us to better predictions at broader 
spatial scales, as well as with broader ecological scope. 
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Table 1 Mean (± SE) values for ignition temperature, released temperature, ignition time, and 
combustion time for dead and living Larrea branches. Different letters indicate statistical 
differences between living vs dead status at α<0.05. 
 
Living status Ignition temp. Temp. release Ignition time Combustion time 
Dead 595.7  ±10.41  a 799.6  ±19.54  a 2.1  ±0.29  a 2.9  ±0.29  a 
Living 692.8  ±7.21    b 668.8  ±25.86  b 1.9  ±0.14  a 1.1  ±0.06  b 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2 Mean (± SE) values for flame spread (FLSP), sustainability (SUST), flame height (FLHT), consumability rate (CONS), TEMP1, 
TEMP2, TEMP5, and TEMP10 for each of four plant species. Different letters indicate statistical differences between species at α<0.05. 
 
 
Species FLSP (min.) 
SUST 
(min.) FLHT (cm) CONS (%) 
 TEMP (°C) 
1 cm 2 cm 5 cm 10 cm 
Ambrosia 1.82 ±0.11 a 4.17 ±0.15 a 30.8 ±2.1 a 83.3 ±2.1 a 837.7 ±13.5 a 779.6 ±23.5 a 724.6 ±31.1 a 572.4 ±35.8 a 
Amsinckia 0.57 ±0.02 b 1.91 ±0.09 b 26.9 ±2.6 a 71.5 ±2.1 b 655.1 ±23.7 b 566.8 ±32.7 b 453.5 ±37.5 b 331.4 ±35.6 b 
Bromus 0.16 ±0.01 c 0.55 ±0.03 c 28.2 ±1.9 a 49.8 ±1.7 c 579.4 ±29.5 b 605.3 ±34.2 b 587.2 ±33.9 b 437.4 ±36.3 b 
Schismus 0.18 ±0.01 c 0.76 ±0.06 c 24.1 ±2.1 a 34.8 ±2.2 d 588.9 ±28.6 b 572.4 ±30.1 b 536.6 ±42.4 b 363.7 ±38.1 b 
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Figure 1 Burning devices used to conduct experiment sets 1 and 2 (a) and experiment set 3 
(b). The latter was modified from Ganteaume et al. 2011. All burn trials were carried out 
within an enclosed fume hood in the Laboratory of Materials in the Department of Physics at 
Iowa State University. 
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Fig. 2 Regressions based on diameter of Larrea branches (x-axis) for ignition temperature (a), 
released temperature (b), ignition time (c), and combustion time (d) for living (open circles) 
and dead (closed circles) Larrea branches. Note that in (b) and (c) the best-fit models were 
quadratic, whereas for (a) and (d) the best fit were linear models. 
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Figure 3 Regressions based on water content (x-axis) for ignition temperature (a), released 
temperature (b), ignition time (c), and combustion time (d) for Larrea branches. Note that in 
(c) the best fit model was quadratic, whereas for (a), (b), and (d) the best-fit were linear 
models. Also note that lighter colors indicate lower water content, whereas darker colors are 
for higher water content. 
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Figure 4 Regressions based on dry biomass (i.e., weight of plant litter in x-axis) for (a) flame 
spread (FLSP), (b) sustainability (SUST), (c) flame height (FLHT), and (d) consumability 
(CONS) for Amsinckia (close square), Ambrosia (close circle), Bromus (open triangle), and 
Schismus (open rhombus. Note that in (c) and (d) the best-fit models were quadratic, whereas 
for (a) and (b) the best-fit were linear models. 
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Figure 5 Mean (± SE) values for maximum temperature released at 1, 2, 5, and 10 cm above 
the litter sample for the 4 study species in experiment set 3. 
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Figure 6 Differential temperature between temperature release by each litter plant species 
(averaged across heights) and the mean temperature at which Larrea ignites (a) and difference 
between mean combustion time for each litter plant species and the mean ignition time of 
Larrea (b) for dead (black bars) and living (gray bars) Larrea branches. Dashed lines indicate 
the broadest 95% confident intervals around the mean for each case. Note that values above 
the zero-line indicate hotter and longer fires (a-b) with respect to the mean ignition 
temperature and time needed for Larrea to catch fire, and vice versa for values below the 
zero-line. 
106 
 
 
 
Figure 7 Hypothesized model of a novel fire dynamic in which invasive annual grasses 
provide fuel continuity across inter-shrub areas (“spreader”) to native herbaceous fuels 
beneath shrubs (“ignitors”), which ignite dead branches at the base of the shrub, and in turn 
ignite the entire shrub (including the living upper branches). In our study system spreaders are 
represented by the exotic invasive grasses Bromus sp. and Schismus sp., which are able to 
efficiently carry fire through the landscape. Ignitors correspond to the native annual herb 
species Amsinckia sp. and the native small perennial shrub Ambrosia sp., and the burning 
shrubs are the ancient, fire-sensitive shrub Larrea tridentata. 
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CHAPTER 5: GENERAL CONCLUSIONS  
 
Through the course of this dissertation I examined the effects of fire that could 
potentially affect the spatial distribution of Larrea tridentata populations by comparing 
burned and unburned Larrea dominated areas in the Sonoran Desert (Chapter 2). We found a 
similar spatial pattern for shrubs in both the burned and the unburned areas in the Sonoran 
Desert: Larrea were hyper-dispersed at finer scales <2 m, but randomly distributed at broader 
scales. These findings suggest that the segregated pattern is the natural spacing due to 
competition, and also it is related to the size of the shrub in the field (2-4 m2). Interestingly, 
within the burned area we found that living Larrea that survived the fire presented a novel 
clustered distribution at broader scales, implying a change in their spatial arrangement after 
fire. Additionally, our fire model based on proximity from burning shrubs was a good starting 
point for exploring the relationship between the burning pattern of fire and the spatial 
distribution of shrubs in the field. Although the fire model we developed was not completely 
accurate, it reproduced reasonably well the spatial distribution of both living and dead shrubs 
at finer scales. This poses the need for further research that may provide more valuable 
information for the development of more accurate fire models within desert ecosystems (see 
more detail in the last section of insights for future research). 
In Chapter 3, I investigated the short and long term effects of fire (7 months and 7 
years after fire, respectively) on soil nutrient availability in Larrea shrublands of the Mojave 
Desert. I found that the availability of N and K increased in the short-term after fire (7 
months). However, 7 years after fire (the long-term effect), we found that N and K availability 
was lower in burned areas compared to unburned areas. We also found that these changes in 
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soil nutrient availability were more pronounced underneath the Larrea canopies than in the 
open inter-shrub areas. Thus, fire alters soil nutrients by facilitating the degradation of fertility 
islands over time, potentially triggering cascading effects on the diversity and density of the 
native and non-native annual plant communities. We then may have a potential novel scenario 
for the entire plant community, in which heterogeneous fertility islands once associated with 
Larrea shrubs may become uniform landscapes dominated by exotic invasive grasses that 
have enhanced skill in acquiring scarce soil resources. Therefore, monitoring the availability 
of soil nutrients over time after fire is of great importance, and we can gain insights regarding 
how the plant community (both native and invasive species) can cope with the novel scenario 
of reduced soil resources (see more detail in the last section of insights for future research). 
In Chapter 4, I investigated flammability characteristics associated with Larrea 
tridentata shrub and with native and exotic desert plant species by conducting controlled burn 
experiments. We measured several flammability characteristics, including time for ignition, 
duration of total combustion, flame spread, consumability, and maximum released 
temperatures. Overall, we found that the native species Amsinckia and Ambrosia acted more 
like as “igniters” of thicker fuels due to slow flame spread, longer combustion, and hotter 
released temperatures. The invasive grasses Bromus and Schismus, in contrast, presented 
faster flame spread, shorter combustion times, and temperatures that were not as hot as from 
the native species. The invasive species were therefore classified as being “spreaders” of fire. 
With the information gathered from these experiments we proposed a conceptual fire model 
that will be developed at the shrub scale, with the following potential scenario: the invasive 
grasses Bromus and Schismus will be able to efficiently carry fire through the landscape and 
potentially ignite native annual species underneath Larrea canopies. Then, beneath the Larrea 
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canopy, native species such as Amsinckia and Ambrosia will likely hold a fire that is able to 
ignite the lower dead portion of Larrea. From there, fire may potentially spread into the upper 
living portion of the shrub, likely burning the entire. Furthermore, if more invasive grasses are 
established nearby Larrea, this will allow fire to spread into other shrubs and so forth, likely 
burning large areas. This conceptual model serves as the basis for developing more accurate 
fire models, and suggests the need for further research that will lead us to better predictions at 
broader spatial scales, as well as with broader ecological scope (see more detail in the last 
section of insights for future research). 
 
Concluding Remarks 
At the end of this investigation we can conclude that fire alters both the structure and 
function of plant communities within southwestern American deserts. In these areas, a 
wildfire outbreak occurred in 2005 and burned large sections of lowlands areas dominated by 
the perennial shrub Larrea tridentata (creosote bush). As result, Larrea shrubs that survived 
the fire exhibited a more-clustered spatial pattern, compared with unburned areas and with the 
pre-fire pattern (dead + living combined together) in the Sonoran Desert. Additionally, in the 
Mojave Desert, burned areas presented lower soil nutrient conditions (N and K) than 
unburned areas, and this difference was more conspicuous below Larrea canopies, compared 
to open inter-shrub areas, suggesting the depletion of the fertility island effect created by 
Larrea over the long-term. We also gained insights regarding flammability features of desert 
plant species and their role in spreading an igniting fire. With the data we gathered we 
proposed a simple, yet useful classification of plant litter based on their flammability 
characteristics. Exotic invasive grasses will act as “spreaders” of fire through the landscape, 
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connecting Larrea shrubs, whereas native species would tend to act more like “igniters” of 
thicker fuel at the bottom of the shrubs.  
As a “take home message” I want to highlight the interplay of the three ideas 
described above and their role in potentially promoting more-uniform invasions by exotic 
plant species. Given the flammable characteristics of “spreaders” and “igniters” and their 
potential role in promoting novel plant-fire dynamics in these arid environments, the 
prevalence of more frequent and intense wildfires in the southwestern US deserts may be 
continued over time. While fire can kill large sections of living Larrea shrubs, this 
phenomenon would provide more openness in the landscape to be colonized by exotic 
invasive species. Over the long-term, and as soil nutrients tend to decrease within burned 
areas, it would be difficult for native species, including Larrea, to recover after fire. Thus, 
heterogeneous fertility islands once associated with Larrea shrubs may disappear and become 
replaced by more uniform nutrient landscapes, dominated by exotic invasive grasses. 
 
Future Research 
The findings I found in this investigation opened the gate for future research that 
might come to complement and improve our current understanding of fire ecology on desert 
ecosystems. Thus, in Chapter 2, higher site replication that addresses the spatial pattern of 
perennial shrubs and trees, including several more study areas comparing burned and burned 
areas would provide better robustness to our spatial pattern results, leading to stronger 
conclusions at broader spatial scales. Although this may imply high costs in resources and 
time, the use of high-resolution aerial imagery could be advantageous for further exploring 
spatial patterns in ecology systems (Karl et al. 2012; Peck et al. 2012; Meneguzzo et al. 2013; 
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Visser et al. 2014). In fact, our research team is currently working on developing technics to 
use aerial images to determine location, species identification, and size of perennial shrubs 
and trees in the Sonoran Desert, AZ (E. Mudrak, unpublished data). Therefore, by including 
higher replication via aerial imagery, and coupled with more detailed simulation models, we 
may be able to develop an improved understanding of fire impacts and community responses 
at wider spatial scales in these systems, resulting in better predictions. 
Additionally, since the impact of fire directly on the Larrea shrub still remains 
unclear, and considering its low post-fire recovery (Abella 2009), it would be important to 
evaluate the recovery rate of Larrea (along with other common perennial shrubs) after fire. 
This would be especially interesting if we can sample several burned areas with different fire 
histories, so that we might gain better knowledge about fire impacts on desert plant 
communities.  
Regarding soil nutrients and the effect of fire on them (Chapter 3), I think that long-
term follow-up nutrient samplings within burned and unburned areas are worth to continue of 
doing. These extended samplings may include the same areas that we measured in this 
research, but also it can include new burned and unburned areas in the Sonoran Desert. In this 
research we found that the fertility island effect created by Larrea diminished over time, 7 
years after fire (especially for N and K). We may hypothesize that the fertility island could 
even completely disappear over the very long-term after fire. Therefore, continuing 
monitoring changes in soil nutrient availability will provide deeper understanding regarding 
fire impacts on systems characterized by patchily-distributed soil resources. Furthermore, 
continuing censuses of annual plant species within the under canopy-open area gradient , and 
given the potential decrease of soil nutrients over time, will inform us regarding primary 
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production of both native and non-native species under disturbance regimes (e.g., burned and 
unburned areas) or extreme weather events (e.g., severe drought or above-average rainfall). 
Further research in the field of flammability of desert plants species (Chapter 4) 
includes investigating at the role of secondary metabolites (e.g., oils) present in Larrea 
branches that would promote quicker ignitions and hotter fires. Although we did not report 
this, we observed several “micro explosions” and blazing occurring on Larrea branches when 
were exposed to high temperatures to ignite (in experiments 1 and 2). As several other studies 
have shown, the presence of secondary metabolites may have great implications in either 
promoting or suppressing flammability in plant species (Alessio et al. 2008; De Lillis et al. 
2009; Ormeno et al. 2009; Courty et al. 2010). We hypothesize that secondary compounds 
associated with Larrea may positively interact with fire, enhancing ignition and combustion 
of Larrea shrubs. 
Based on the results we found, we also propose the development of an index of 
flammability for each of the species we assessed in Chapter 4. Thus, summarizing 
flammability characteristics in a single index that accounts for the ignition properties and 
combustion properties of desert plants will be helpful for the development of simulation 
models. These models may include further information such as the locations of Larrea shrubs, 
composition and production of annual plant species within the under canopy-inter shrub area 
gradient, and climate variables such as relative humidity, temperature and wind speed and 
direction. By including all this information in the modeling, we will be able to reproduce 
more realistic fires in a spatially-explicit way. 
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Finally, by incorporating both experimental and observational approaches at multiple 
spatio-temporal scales (Sagarin and Pauchard 2012), it will aide us to have a better 
understanding of the potential novel plant-fire dynamycs within the southwestern US deserts, 
and will provide valueable information for developing more accurate fire models that will 
lead us to better predictions at broader spatial scales, and with broader ecological scope 
(Peters et al. 2004). 
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